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Nucleic acid-based therapeutics hold great promise for the treatment of numerous diseases, including neuromuscular disorders, such as Duchenne muscular dystrophy (DMD). Some antisense oligonucleotide (ASO) drugs have already been approved by the US FDA for DMD, but the potential of this therapy is still limited by several challenges, including the poor distribution of ASOs to target tissues, but also the entrapment of ASO in the endosomal compartment. Endosomal escape is a well recognized limitation that prevents ASO from reaching their target pre-mRNA in the nucleus. Small molecules named oligonucleotide-enhancing compounds (OEC) have been shown to release ASO from endosomal entrapment, thus increasing ASO nuclear concentration and ultimately correcting more pre-mRNA targets. In this study, we evaluated the impact of a therapy combining ASO and OEC on dystrophin restoration in mdx mice. Analysis of exon-skipping levels at different time points after the co-treatment revealed improved efficacy, particularly at early time points, reaching up to 4.4-fold increase at 72 h post treatment in the heart compared to treatment with ASO alone. Significantly higher levels of dystrophin restoration were detected two weeks after the end of the combined therapy, reaching up to 2.7-fold increase in the heart compared to mice treated with ASO alone. Moreover, we demonstrated a normalization of cardiac function in mdx mice after a 12-week-long treatment with the combined ASO + OEC therapy. Altogether, these findings indicate that compounds facilitating endosomal escape can significantly improve the therapeutic potential of exon-skipping approaches offering promising perspectives for the treatment of DMD.

Titre : Optimisation de la stratégie de saut d'exon pour le traitement de la dystrophie musculaire de Duchenne Mots clés : Développement préclinique, Dystrophie musculaire de Duchenne, Oligonucléotides antisens, Thérapie antisens, Maladies neuromusculaires.

Résumé : La dystrophie musculaire de Duchenne (DMD) est une maladie récessive liée à l'X qui touche 20 garçons sur 100 000. Elle se manifeste par une faiblesse musculaire progressive conduisant à une perte de la marche entre 8 et 14 ans puis par le décès des patients autour de 35 ans. La maladie est provoquée par des mutations dans le gène DMD qui conduisent à une absence de la protéine dystrophine. Il n'existe à l'heure actuelle aucun traitement capable de guérir tous les patients. Néanmoins, une stratégie très prometteuse est en développement et repose sur le principe du saut d'exon. Pour ce faire, des oligonucléotides antisens sont utilisés pour moduler l'épissage de l'ARN prémessager, restaurer le cadre de lecture de l'ARN et ainsi produire une dystrophine fonctionnelle. Cette stratégie a déjà conduit à la mise sur le marché de 4 médicaments aux Etats-Unis mais, en raison de leur faible efficacité, aucun n'a été accepté en Europe. En effet, ces différentes molécules n'ont conduit qu'à des niveaux très faibles de restauration de la dystrophine (de 1 à 6%) ce qui est insuffisants pour espérer un bénéfice thérapeutique significatif chez les patients.

Mon projet de thèse a donc pour objectif d'optimiser l'efficacité de l'approche de saut d'exon en développant des stratégies combinées. Pour ce faire, des oligonucléotides antisens de type tricyclo-DNA développés dans le laboratoire ont été coadministrés avec différentes molécules.

La première combinaison thérapeutique que nous avons testée avait pour objectif de diminuer l'élimination urinaire des oligonucléotides afin d'améliorer leur biodisponibilité. En effet, la majorité des oligonucléotides sont éliminés dans les urines après une administration systémique. Nous avons réalisé une étude histologique et montré une colocalisation entre les oligonucléotides et les transporteurs OAT présents dans les tubes contournés proximaux du rein. Malheureusement, leur inhibition avec le probénécid (un inhibiteur des transporteurs OAT) n'a pas permis d'améliorer l'efficacité de notre traitement antisens. La dernière combinaison thérapeutique que nous avons testée avait pour objectif d'augmenter les quantités d'ARN pré-messagers produits afin d'augmenter le nombre potentiel de cibles pour notre traitement. Trois inhibiteurs d'histone deacetylase (HDACi) ont été testés : le givinostat (a pan HDACi déjà utilisé en essai clinique dans DMD), l'acide valproique (un inhibiteur des HDAC de classe I/II) et EX527 (un inhibiteur des classe III). Apres 4 semaines de co-traitement avec notre oligonucléotide, l'acide valproique et le givinostat ont permis d'améliorer l'efficacité des oligonucléotides en augmentant jusqu'à +74% la production de dystrophine. De plus, un cotraitement de 12 semaines avec l'acide valproique a significativement amélioré la fonction musculaire des animaux.

Tous ces résultats ont permis de démontrer la preuve de principe quant à l'utilisation de petites molécules pour améliorer l'efficacité du saut d'exon. Abstract: Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder that affects 20 out of 100,000 boys. It is characterized by progressive muscle weakness leading to loss of ambulation between the ages of 8 and 14 years and a decreased life expectancy (mean age of death: 35 years). DMD is caused by mutations in the DMD gene that lead to an absence of the dystrophin protein. There are currently no curative treatment options available. Nevertheless, promising therapy is under development and is based on the exon skipping strategy. Antisense oligonucleotides are used to modulate the splicing of pre-messenger RNA, restore the RNA open reading frame and thus produce functional dystrophin. This strategy has already led to the approval of 4 drugs in the United States but, due to their low efficacy, none of them have been accepted in Europe. These various molecules led only to very low levels of dystrophin restoration (from 1 to 6%), which are not enough to expect a significant therapeutic benefit in patients My thesis project therefore aims to optimize the efficacy of the exon-skipping approach by developing combined strategies. To this end, the tricyclo-DNA antisense oligonucleotides developed in my laboratory were co-administered with different molecules.

The first therapeutic combination we tested aimed at reducing the urinary elimination of oligonucleotides in order to improve their bioavailability. It has previously been demonstrated that a large proportion of oligonucleotides are eliminated in the urine. A histological study performed in kidney of treated mice revealed a colocalization between the tricyclo-DNA oligonucleotides and the OAT transporters present in the proximal convoluted tubules of the kidney. Unfortunately, their inhibition with probenecid (a pan OAT transporter inhibitor) did not improve the efficacy of our antisense treatment.

The second therapeutic combination we tested aimed at improving the intracellular transport of the oligonucleotides. Oligonucleotides enter in cells by endocytosis. To perform exon skipping, they must leave the endosomes and go into the cell nucleus where the pre-messenger RNA is located. Unfortunately, only a tiny part of them succeeds, while the majority is eliminated by the cell. To help oligonucleotides to exit endosomes, a molecule called UNC7938 was used. This molecule creates pores in the late endosomes membrane which allows the oligonucleotides to come out. Combination of the two treatments increased restoration of dystrophin levels by 31% in the heart and 58% in the diaphragm. In addition, cardiac function was normalized after 12 weeks of treatment.

The last therapeutic combination we tested aimed to increase the quantity of pre-messenger RNA produced in order to increase the potential number of targets for our treatment. Three histone deacetylase inhibitors (HDACi) were tested: givinostat (a pan HDACi already used in a clinical trial in DMD), valproic acid (a class I/II HDAC inhibitor) and EX527 (a class III inhibitor). After 4 weeks of co-treatment with the oligonucleotide, valproic acid and givinostat improved the effectiveness of oligonucleotides by increasing dystrophin production by up to +74%. Additionally, co-treatment with valproic acid for 12 weeks significantly improved the muscle function of the animals.

In summary, our results establish the proof of principle that combining small molecules to antisense oligonucleotides can improve the efficiency of exon skipping.

RESUME EN FRANCAIS

La dystrophie musculaire de Duchenne (DMD) est une maladie récessive provoquée par des mutations dans le gène DMD présent sur le locus Xp21 du chromosome X. Ces mutations conduisent à l'absence d'une ou plusieurs isoformes de la dystrophine. L'absence de cette protéine dans les muscles induit une faiblesse musculaire progressive conduisant à une perte de la marche entre 8 et 14 ans et au décès des patients autour de 35 ans. Il n'existe à l'heure actuelle aucun traitement capable de guérir tous les patients atteints par cette maladie.

Néanmoins, une stratégie très prometteuse est en développement et repose sur le principe du saut d'exon. Pour ce faire, des oligonucléotides antisens sont utilisés pour moduler l'épissage de l'ARN pré-messager, restaurer le cadre de lecture de l'ARN et ainsi produire une dystrophine fonctionnelle. Cette stratégie a déjà conduit à la mise sur le marché de 4 médicaments aux Etats-Unis mais, en raison de leur faible efficacité, aucun n'a été accepté en Europe. En effet, ces différentes molécules n'ont conduit qu'à des niveaux très faibles de restauration de la dystrophine (de 1 à 6%) ce qui est insuffisant pour espérer un bénéfice thérapeutique significatif chez les patients. L'objectif de ce projet est donc l'optimisation des thérapies de saut d'exon utilisant des oligonucléotides antisens en développant des stratégies combinées. Pour ce faire, des oligonucléotides antisens de type tricyclo-DNA développés dans le laboratoire ont été coadministrés avec des molécules ayant des mécanismes d'action distincts.

La première combinaison thérapeutique que nous avons testée avait pour objectif de diminuer l'élimination urinaire des oligonucléotides afin d'améliorer leur biodisponibilité tissulaire. En effet, l'étude de la biodistribution de nos oligonucléotides post administration intraveineuse nous a montré que la majorité d'entre eux étaient stockés dans le rein avant d'être éliminés dans les urines. Afin de mieux comprendre ce phénomène, une étude histologique fut réalisée et révéla que les oligonucléotides colocalisent avec les transporteurs OAT (pour organic anion transporter) présents dans les tubes contournés proximaux du rein. La dernière combinaison thérapeutique que nous avons testée avait pour objectif d'augmenter les quantités d'ARN pré-messagers produits. En effet, lors d'étude préliminaire, nous avons constaté une baisse de production d'ARN pré-messagers (la cible de nos oligonucléotides) dans les cellules des animaux modèles de la maladie. Afin de corriger cette faible production, trois inhibiteurs d'histone deacetylase (HDACi) ont été testés: le givinostat (a pan HDACi déjà utilisé en essai clinique dans DMD), l'acide valproique (un inhibiteur des HDAC de classe I/II) et EX527 (un inhibiteur des classe III). Apres 4 semaines de co-traitement avec les oligonucléotides, l'acide valproique et le givinostat ont permis d'augmenter jusqu'à +74% la production de dystrophine dans les muscles. De plus, un co-traitement de 12 semaines avec l'acide valproique a significativement amélioré la fonction musculaire des animaux. Ces datas permettent de confirmer notre hypothèse de base et prouvent la plus value apportée par les HDACi dans l'efficacité des traitements antisens. Ces résultats sont d'autant plus prometteurs que les molécules testées sont deja utilisées chez l'Homme (acide valproique) ou sont proche de l'être (Givinostat); ce qui facilitera le developement de ce type de bithérapie en clinique.

Pour conclure, l'ensemble des résultats obtenus lors de cette thèse ont permis de démontrer la preuve de principe que l'utilisation de petites molécules pouvait améliorer l'efficacité du saut d'exon induit par des oligonucléotides antisenses, et offrent donc de nouvelles perspectives pour la traitement de la DMD.
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In 1955, doctors Becker and Keiner described a new muscular dystrophy disease with the same symptoms as DMD but with a slower evolution. This disease is the Becker muscular dystrophy (BMD).

During this period, treatment of DMD patients progressed very slowly. In 1974, a new therapy was tested for the first time: the corticosteroids [START_REF] Drachman | Prednisone in Duchenne Muscular Dystrophy[END_REF]. The administration of prednisone to the patients improved their mobility, gait, and agility, and reduced serum creatine kinase levels. In 1989, a placebo-controlled trial performed on 103 patients confirmed the effects of prednisone [START_REF] Mendell | Randomized, Double-Blind Six-Month Trial of Prednisone in Duchenne's Muscular Dystrophy[END_REF]). Since then, corticoids are the main treatment of DMD.

In 1977, the locus Xp21 involved in DMD and BMD was discovered in the short arm of the X chromosome. [START_REF] Greenstein | An X/Autosome Translocation in a Girl with Duchenne Muscular Dystrophy (Dmd): Evidence for Dmd Gene Localization[END_REF]) but it's only in 1986 that the DMD gene was identified [START_REF] Kunkel | Specific Cloning of DNA Fragments Absent from the DNA of a Male Patient with an X Chromosome Deletion[END_REF][START_REF] Kunkel | Analysis of Deletions in DNA from Patients with Becker and Duchenne Muscular Dystrophy[END_REF][START_REF] Monaco | Isolation of Candidate CDNAs for Portions of the Duchenne Muscular Dystrophy Gene[END_REF]). The isolation of the protein encoded by the DMD gene (namely dystrophin) was performed at the same period [START_REF] Hoffman | Dystrophin: The Protein Product of the Duchenne Muscular Dystrophy Locus[END_REF]Hoffman et al. 1987). Since then, researchers have tried to find a new medicine to restore the dystrophin production in patients as we will see in the section 3 of the manuscript.

Definition

DMD and BMD are both progressive muscle-wasting diseases caused by mutations in the DMD gene present on the X chromosome. The difference between the two diseases is the capacity of patients to produce residual amount of the muscular isoform of the dystrophin (Dp427m).

Patients with DMD have a full absence of muscular dystrophin, which leads to severe symptoms including reduced life expectancy. In contrast, patients with BMD are able to produce a mutated but functional dystrophin. The expression of the mutated protein results in a milder phenotype compared to DMD patients with a wide range of disease severity symptoms as we will see in the section 1.4.

Epidemiology

DMD and BMD are X-linked recessive disorders affecting only male population (incidence for female is <1 per million and is limited to case reports of individuals with Turner syndrome) [START_REF] Duan | Duchenne Muscular Dystrophy[END_REF]. The incidence of DMD is around 20 cases per 100,000 life males [START_REF] Crisafulli | Global Epidemiology of Duchenne Muscular Dystrophy: An Updated Systematic Review and Meta-Analysis[END_REF][START_REF] Kariyawasam | Incidence of Duchenne Muscular Dystrophy in the Modern Era; an Australian Study[END_REF]. Because of the reduced life expectancy of patients, the global prevalence of the disease is reduced in the general population to almost 5 cases per 100,000 males [START_REF] Crisafulli | Global Epidemiology of Duchenne Muscular Dystrophy: An Updated Systematic Review and Meta-Analysis[END_REF][START_REF] Mah | A Systematic Review and Meta-Analysis on the Epidemiology of Duchenne and Becker Muscular Dystrophy[END_REF]. The prevalence of BMD is lower than DMD with only 1.6 cases per 100,000 males [START_REF] Mah | A Systematic Review and Meta-Analysis on the Epidemiology of Duchenne and Becker Muscular Dystrophy[END_REF][START_REF] Salari | Global Prevalence of Duchenne and Becker Muscular Dystrophy: A Systematic Review and Meta-Analysis[END_REF]).

DMD GENE

The DMD gene is located on the short arm of the X chromosome at the Xp21.2-p21.1 locus.

Since it represents 0.1% of the total genome; it is the longest human gene with a size of approximately 2.4Mb (Den Dunnen et al. 1989). Its full sequence is composed by 79 exons [START_REF] Roberts | Exon Structure of the Human Dystrophin Gene[END_REF]) and encodes for a messenger RNA (mRNA) of 14kb [START_REF] Koenig | Complete Cloning of the Duchenne Muscular Dystrophy (DMD) CDNA and Preliminary Genomic Organization of the DMD Gene in Normal and Affected Individuals[END_REF] (Figure 1).

The DMD gene is able to encode eight different proteins from different promoters. Proteins differ in their sizes and/or their tissue distribution. The first and most commonly known protein is the Dp427, which is also called full-length dystrophin. This protein has a size of 427kDa and expresses all the 79 exons (Figure 1). Dp427 is the only dystrophin with three isoforms of equal size due to three promoters spaced only a few nucleotides apart. The isoforms are:

 The Dp427m: the only dystrophin expressed in the muscle [START_REF] Klamut | Molecular and Functional Analysis of the Muscle-Specific Promoter Region of the Duchenne Muscular Dystrophy Gene[END_REF][START_REF] Koenig | Complete Cloning of the Duchenne Muscular Dystrophy (DMD) CDNA and Preliminary Genomic Organization of the DMD Gene in Normal and Affected Individuals[END_REF]  The Dp427c (also called Dp427b): expressed in the brain [START_REF] Nudel | Duchenne Muscular Dystrophy Gene Product Is Not Identical in Muscle and Brain[END_REF]  The Dp427p expressed in the Purkinje cells [START_REF] Górecki | Expression of Four Alternative Dystrophin Transcripts in Brain Regions Regulated by Different Promoters[END_REF][START_REF] Holder | Expression and Regulation of the Dystrophin Purkinje Promoter in Human Skeletal Muscle, Heart, and Brain[END_REF] In addition to the 3 full-length proteins, the DMD gene can produce 5 other dystrophin isoforms:

 Dp260 expressed in the retina (D 'Souza et al. 1995)  Dp140 expressed in the brain and the kidney [START_REF] Lidov | Dp140: Alternatively Spliced Isoforms in Brain and Kidney[END_REF]  Dp116 expressed in the Schwann cells [START_REF] Byers | An Alternative Dystrophin Transcript Specific to Peripheral Nerve[END_REF]  Dp71 ubiquitously expressed but with a main role in the brain [START_REF] Jung | Characterization and Subcellular Localization of the Dystrophin-Protein 71 (Dp71) from Brain[END_REF]) and the retina [START_REF] Howard | Localization of Dystrophin Isoform Dp71 to the Inner Limiting Membrane of the Retina Suggests a Unique Functional Contribution of Dp71 in the Retina[END_REF]  Dp40 ubiquitously expressed [START_REF] García-Cruz | Overexpression of the Dystrophins Dp40 and Dp40L170P Modifies Neurite Outgrowth and the Protein Expression Profile of PC12 Cells[END_REF][START_REF] Tinsley | Apo-Dystrophin-3: A 2.2kb Transcript from the DMD Locus Encoding the Dystrophin Glycoprotein Binding Site[END_REF]) In addition to these 8 main isoforms, other ones are produced from alternative splicing of the gene. This high variability in the sequence of the dystrophin is due to the length of the gene.

The gene is so big that it takes 16 hours to be transcribed and, because of its size, many translation errors can be found [START_REF] Douglas | Splicing Therapy for Neuromuscular Disease[END_REF].

Thousands of different mutations in DMD gene have been found in patients with DMD or BMD. The global "TREAT-NMD DMD" database references 7,149 of them with 68.5% of large deletions (deletion of 1 exon or more), 10.97% or large duplications and 10.16% of nonsense point mutations (Figure 2).

Figure 2: Type and prevalence of mutations causing DMD (data from the TREATNMD DMD Global Database)

66% of the large deletions are localized between the exon 45 to 55 (Figure 3A). It can be a deletion of one exon (exon 45 deletion is the most common) to 8 exons (45-52 exons deletion). A second hot spot is localized in the proximal region (exons 2-20) and represents 14% of the deletions [START_REF] Bladen | The TREAT-NMD DMD Global Database: Analysis of More than 7,000 Duchenne Muscular Dystrophy Mutations[END_REF].

Seven of the eight most commonly reported large duplications are localized in the first exons (from exon 2 to exon 17). The most common one is a duplication of exon 2 which represents 11% of large duplications (Figure 3B). The degree of absence of a functional dystrophin protein is not the only factor involved in the severity of the disease. More recently, epigenetic changes have been found in the genome of DMD patients. The histone methylation profile of genes involved in the muscle regeneration process is impacted by the lack of the dystrophin and increases the severity of the disease [START_REF] Rugowska | Epigenetic Modifications in Muscle Regeneration and Progression of Duchenne Muscular Dystrophy[END_REF]. The lack of dystrophin impacts the chromatin conformation of the DMD gene itself with an upregulation of the histone H3K9 methylation (García-Rodríguez et al. 2020). The increase level of this transcriptional repressor leads to decrease DMD mRNA production (Chamberlain et al. 1988;Haslett et al. 2002). This phenomenon (called imbalance) is characterized by a normal initiation and by a premature stop of the transcription. Indeed, the comparison of RNA quantity found in muscle of DMD and control patients revealed similar amounts of RNA towards the 5' end of the sequence and reduced transcript levels towards the 3' end. During my PhD project, I investigated ways to correct this phenomenon in order to improve the efficacy of exon skipping therapy (Result section, part 3).

THE DYSTROPHIN: STRUCTURE AND FUNCTION

As Dp260, Dp140, and Dp116 are encoded by different promoters than Dp427. These promoters are localized after the N terminal actin-binding domain so the corresponding proteins do not express this domain but express the three other ones (with more or less rod domain depending on the size of the protein). Dp71 has its promoter even further and contains only the two last domains [START_REF] Nichols | Nonmechanical Roles of Dystrophin and Associated Proteins in Exercise, Neuromuscular Junctions, and Brains[END_REF]. Dp40 has the same promoter as Dp71 but is polyadenylated in intron 70; so it only expresses the cysteine-rich domain [START_REF] Tinsley | Apo-Dystrophin-3: A 2.2kb Transcript from the DMD Locus Encoding the Dystrophin Glycoprotein Binding Site[END_REF].

Dystrophin Dp427 is localized in the sarcolemma of muscle cells where it binds its partners from the dystrophin glycoprotein complex (DGC). The DGC contains dystrophin, calveolin, dystrobrevin, dystroglycan, sarcoglycan, sarcospan, syntrophin, laminin and neuronal nitric oxide synthase (nNOS) [START_REF] Ervasti | Biology of the Striated Muscle Dystrophin-Glycoprotein Complex[END_REF]. In the complex, dystrophin links the actin cytoskeleton with its N-terminal domain and the extracellular matrix with its C-terminal domain (Figure 5). The bridge established by dystrophin between the two cellular compartments stabilizes the sarcolemma and protects it from disruption during muscle contractions [START_REF] Pasternak | Mechanical Function of Dystrophin in Muscle Cells[END_REF].

Figure 5:

The dystrophin glycoprotein complex (from [START_REF] Valera | Essential Roles of the Dystrophin-Glycoprotein Complex in Different Cardiac Pathologies[END_REF]))

The DGC is comprised of dystrophin (purple), cytoplasmic actin (pink), dystroglycan (light purple) composed of 2 subunits, α and β, laminin (blue and black), sarcoglycan complex (light blue) composed of 4 subunits (α-, β-, γ-, and δ), sarcospan (purple), dystrobrevin (blue), syntrophins (purple) composed of 2 subunits, α and β, nNOS (dark blue), and caveolin (periwinkle). On the top, in white we have the extracellular matrix and on the bottom in light pink the cytoplasm; in the middle, in orange, there is sarcolemma.

Since the discovery of the DGC, our understanding of dystrophin-interacting partners has improved and binding partners have been identified with the body of the dystrophin. In muscle, the median section of dystrophin can directly link actin or sarcolemma like the terminal section, but it can also bind other proteins involved in the cytosolic signaling pathway like nNOS or PAR1b (also known as MARK2) [START_REF] Duan | Duchenne Muscular Dystrophy[END_REF]. Indeed, the lack of dystrophin has some consequence in all muscle function and interactions. For example, nNOS is involved in the muscle perfusion by decreasing α-adrenergic vasoconstriction in contracting muscles during exercise [START_REF] Lai | Dystrophins Carrying Spectrin-like Repeats 16 and 17 Anchor NNOS to the Sarcolemma and Enhance Exercise Performance in a Mouse Model of Muscular Dystrophy[END_REF]. Without dystrophin, nNOS is mislocalized and less active which leads to ischaemic damage in the muscle [START_REF] Sander | Functional Muscle Ischemia in Neuronal Nitric Oxide Synthase-Deficient Skeletal Muscle of Children with Duchenne Muscular Dystrophy[END_REF]. Dystrophin is also involved in the muscle regeneration process. Indeed, PAR1b is involved in the differentiation pathway of satellite cells (the muscle stem cells). Without dystrophin, the expression of PAR1b is down-regulated which leads to a lack of asymmetric divisions of satellite cells, a reduced production of myogenic progenitors, resulting in a less efficient muscle regeneration [START_REF] Dumont | Dystrophin Expression in Muscle Stem Cells Regulates Their Polarity and Asymmetric Division[END_REF].

Muscles from DMD patients produce significantly more free radicals than normal muscles.

The main free radicals produced in the muscles are the reactive oxygen species (ROS). The mechanical stretching of muscles activates NADPH oxidase 2 and leads to the production of ROS [START_REF] Prosser | X-ROS Signaling: Rapid Mechano-Chemo Transduction in Heart[END_REF]. The absence of dystrophin results in a destabilization of microtubule which becomes dense and disorganized and leads to the production of more ROS [START_REF] Khairallah | Microtubules Underlie Dysfunction in Duchenne Muscular Dystrophy[END_REF]).

Dystrophin is a major actor of calcium homeostasis in muscle. The disruption of sarcolemma due to its absence leads to an increase in intracellular calcium level [START_REF] Turner | Increased Protein Degradation Results from Elevated Free Calcium Levels Found in Muscle from Mdx Mice[END_REF].

Dystrophin is, directly or in combination with the other proteins of the DGC, involved in the deregulation of some calcium channels, plasma membrane Ca2+ ATPase or sodium-calcium exchanger [START_REF] Allen | Absence of Dystrophin Disrupts Skeletal Muscle Signaling: Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy[END_REF]. Absence of dystrophin can also impact the calcium storage in the sarcoplasmic reticulum by modulating STIM1 and Ora1 channels [START_REF] Goonasekera | Enhanced Ca 2+ Influx from STIM1-Orai1 Induces Muscle Pathology in Mouse Models of Muscular Dystrophy[END_REF]. All these phenomena lead to an increase in the activity of calpain, a decrease in the activity of its inhibitor (calpastatin) and to muscle fiber degradation [START_REF] Kumamoto | Immunohistochemical Study of Calpain and Its Endogenous Inhibitor in the Skeletal Muscle of Muscular Dystrophy[END_REF].

SYMPTOMS OF THE DISEASE

Dystrophin is produced in a lot of different tissues from muscles to brain and its absence leads to the deregulation of many cellular pathways. In this section, we will describe the symptoms of both DMD and BMD.

Muscular symptoms of DMD

The most commonly known and described symptoms of DMD include the progressive skeletal and cardiac muscle degeneration with fibrous tissue replacement and fatty infiltration. The first symptoms occur between the age of 1 and 3 years-old when children start walking. They often fall and have difficulties with running. Symptoms increase and boys are commonly diagnosed around 4 years old [START_REF] Davidson | Observations of Body Mass Index in Duchenne Muscular Dystrophy: A Longitudinal Study[END_REF][START_REF] Magri | Genotype and Phenotype Characterization in a Large Dystrophinopathic Cohort with Extended Follow-Up[END_REF] Children typically show muscle weakness with muscle hypertrophy and the Gowers' sign when rising up from the ground (illustrate in Figure 6). At the age of 8-14 years, muscle weakening progress and patient lost ambulation. Once a patient becomes wheelchair bound, the muscle weakness progresses even faster and abdominal and dorsal symptoms increase.

This evolution of the disease leads to scoliosis and joint contractures. Scoliosis reduces the chest cavity volume which leads to increased respiratory problems. The smooth muscles of the digestive tract and of the throat are also affected with time. Transit and swallowing problems will appear and will conduce to food penetration in the laryngeal vestibule or worse in the subglottic area which will induce laryngeal aspiration and asphyxiation [START_REF] Toussaint | Dysphagia in Duchenne Muscular Dystrophy: Practical Recommendations to Guide Management[END_REF].

Figure 6: Gowers' sign (from [START_REF] Wallace | Gowers' Sign Revisited[END_REF]))

In their late teens, DMD patients develop cardiomyopathies which cause the heart chambers to enlarge and the walls to get thinner. Around 20 years-old, breathing problems increase and once the heart and respiratory muscles are damaged, the condition becomes lifethreatening [START_REF] Ryder | The Burden, Epidemiology, Costs and Treatment for Duchenne Muscular Dystrophy: An Evidence Review[END_REF]. DMD patients generally die from cardiac or respiratory failure during their 30s. With good supportive care (presented in section 3.1 of the manuscript), they may survive until their late 30s.

Brain symptoms of DMD

Brain symptoms of DMD patient can be organized in 3 blocks:

 Emotional behavioral problems, such as anxiety, affective disorder, and oppositional/aggressive behavior [START_REF] Fee | Resilience in Children Diagnosed with a Chronic Neuromuscular Disorder[END_REF][START_REF] Hendriksen | Psychosocial Adjustment in Males with Duchenne Muscular Dystrophy: Psychometric Properties and Clinical Utility of a Parent-Report Questionnaire[END_REF]). The position of the mutation and the number of dystrophin isoforms impacted are very important for the clinical symptoms of the disease. Mutations affecting Dp71 are associated with severe mental retardation and intellectual disabilities in adult patients [START_REF] Moizard | Severe Cognitive Impairment in DMD: Obvious Clinical Indication for Dp71 Isoform Point Mutation Screening[END_REF]. Banihani showed that mutations towards the end of the gene lead to worst intellectual symptoms [START_REF] Banihani | Cognitive and Neurobehavioral Profile in Boys With Duchenne Muscular Dystrophy[END_REF]. Indeed, patients with a mutation in Dp260 isoform and 5'untranslated region of Dp140 had an intelligence quotient of 85.0, patients with mutation of Dp140 were at 75.0 and patients with a mutation in the Dp71 were <50.0.



Symptoms of Becker muscular dystrophy

In contrast with DMD patients, BMD patients are able to produce some functional dystrophin.

This ability leads to a decrease in the symptoms of the disease. For this reason, BMD is often considered as a milder variant of DMD. However BMD has a wide range of disease severity.

The most severely affected boys are typically in wheelchair around the age of 16 years [START_REF] Brandsema | Dystrophinopathies[END_REF] while the least affected have hardly any symptoms and are still ambulatory at 70 years-old [START_REF] Yazaki | Clinical Characteristics of Aged Becker Muscular Dystrophy Patients with Onset after 30 Years[END_REF]). In addition to the loss of mobility, BMD patients have most of the time increased levels of serum creatine kinase (CK) caused by the muscle damage but to a lesser extent than DMD patients [START_REF] Gagliardi | MicroRNAs as Serum Biomarkers in Becker Muscular Dystrophy[END_REF]. Cardiac symptoms are also common in BMD patients with apparition of dilated cardiomyopathy for more than 70% of patients [START_REF] Rio-Pertuz | Dilated Cardiomyopathy as the Initial Presentation of Becker Muscular Dystrophy: A Systematic Review of Published Cases[END_REF]). Dilated cardiomyopathy, followed by arrhythmias, is the most common cause of death in patients with BMD [START_REF] Connuck | Characteristics and Outcomes of Cardiomyopathy in Children with Duchenne or Becker Muscular Dystrophy: A Comparative Study from the Pediatric Cardiomyopathy Registry[END_REF].

Some studies have shown emotional-behavioral symptoms in BMD patients but at a lower level than DMD patients. Because of the high variability between studies methodology and patients symptoms, new investigations should be performed to characterize this phenomenon [START_REF] Ferrero | Cognitive Profile and Neuropsychiatric Disorders in Becker Muscular Dystrophy: A Systematic Review of Literature[END_REF].

ANIMAL MODELS USED IN RESEARCH

Different animal models can be used to study DMD and investigate new treatments. In this section we will review the most commonly used ones and discuss their advantages and drawbacks (Table 1).

MICE MODELS

Mdx

Presentation of the model

The mdx mouse also called C57BL/10ScSn-Dmd mdx /J has been described for the first time in 1984 [START_REF] Bulfield | X Chromosome-Linked Muscular Dystrophy (Mdx) in the Mouse[END_REF]. One of the first symptoms which appear in mdx mice is the muscle degeneration but in contrast with patients (whose progression is continuous over time), in mx it progress in cycles in mdx [START_REF] Willmann | Mammalian Animal Models for Duchenne Muscular Dystrophy[END_REF]. Indeed, young mice (2 to 4 weeks) have a high proportion of degenerative and regenerative muscle fibers which conduce to a high proportion of new myofibers; fibers of small size with centralized nuclei. Around 4 to 8 weeks old, necrosis is observed in muscle but it decreases in older mice. The difference between mice and human in muscle degeneration kinetics is a cause of the milder muscular phenotype in mice compare to human. Indeed the absolute muscle force of mice are not poorly reduced with time and mice have, as opposition to human, not difficulties to walk during their all life [START_REF] Willmann | Mammalian Animal Models for Duchenne Muscular Dystrophy[END_REF]).

Mdx
The diaphragm of the mdx mouse is, in contrast with the other skeletal muscles, the only skeletal muscle which demonstrates a progressive weakness throughout the mouse life span.

Indeed, in the diaphragm, histopathological changes are rare in mdx mice before 25 days of age and muscle degeneration and regeneration appear around 30 days old [START_REF] Stedman | The Mdx Mouse Diaphragm Reproduces the Degenerative Changes of Duchenne Muscular Dystrophy[END_REF]. At 6 months old, there is necrosis and significant connective tissue proliferation in diaphragm of mdx mice and at 16 months old, there is a majority of myofibres loss and fibrosis replacement. Compared to WT mice, the specific diaphragm force of mdx mice is decreased by 45% at 2 months old, 58% between 4 and 6 months old and 80% at 24 months old [START_REF] Chamberlain | Dystrophin-Deficient Mdx Mice Display a Reduced Life Span and Are Susceptible to Spontaneous Rhabdomyosarcoma[END_REF]). This alteration of diaphragm muscle leads to the apparition of respiratory pathology in 16 month-old mice which is not yet present in 4 month-old mice [START_REF] Gayraud | Ventilation during Air Breathing and in Response to Hypercapnia in 5 and 16 Month-Old Mdx and C57 Mice[END_REF]).

Like DMD patient, mdx mice have cardiomyopathies but with a less severe phenotype.

Indeed, heart symptoms appear later in mdx mice with first symptoms around 6 months of age characterized by changes in the electrocardiogram and echocardiogram [START_REF] Willmann | Mammalian Animal Models for Duchenne Muscular Dystrophy[END_REF]). These symptoms are caused by inflammation processes combined to an increase in myocardial fibrosis and necrosis. The symptoms increase with age and mdx of 42 weeks old present dilated, hypertrophied and poorly contracting heart but the symptoms remain less severe as human and are not enough to reduce the life expectancy of mice (Quinlan et al. 2004).

The lack of Dp427 in the brain of mdx mice induce, like in patients, some brain, cognitive, and behavioral alterations [START_REF] Zarrouki | Partial Restoration of Brain Dystrophin and Behavioral Deficits by Exon Skipping in the Muscular Dystrophy X-Linked (Mdx) Mouse[END_REF]). This phenotype is characterized by:  A learning performance deficit characterized by a delayed acquisition in selective conditioning paradigms involving cue-outcome associative learning, and by deficits in long-term memory in both spatial and non-spatial tasks involving recognition memory.

 An altered emotional reactivity characterized by an enhanced fearfulness in response to mild stress.

These neurological symptoms may be used as phenotypic markers to evaluate the effects of new therapy in the brain.

In summary, the mdx mouse model is a correct genetic model to study the DMD gene and the dystrophin expression in all tissues but this model has limit. Indeed, the absence of major clinical signs of muscular dystrophy in young mice (less than 2 months) and its slightly shortened life span make it more difficult to assess the beneficial effects of drug candidates.

For this reason, other mice models with more severe symptoms have been developed over the years. While D2-mdx has more severe symptoms as the mdx ones, its pathology is not progressive and seems to be partially resolves with age (Aartsma-Rus et al. 2023). Because of the disease progression which is different to human, D2-mdx is not a perfect model for the development of new drug.

mdx 2Cv , mdx 3Cv , mdx 4Cv and mdx 5Cv

In 1989, male C3H.X 25 ╳ C57BL/6Ros mice treated with a chemical mutagen Nethylnitrosourea were mating with mdx females to produce new mouse models. From this breeding, 4 new mouse lines were created [START_REF] Chapman | Recovery of Induced Mutations for X Chromosome-Linked Muscular Dystrophy in Mice[END_REF]):

 mdx 2Cv with a mutation in splice acceptor site in intron 42 leading to shift in reading frame  mdx 3Cv with a mutation in splice acceptor site in intron 65 leading to shift in reading frame  mdx 4Cv with a point mutation in exon 53 with formation of premature stop codon  mdx 5Cv with a point mutation in exon 10 with formation of new donor splice site, leading to frameshifting deletion These mice have different mutations that can impact the production of only 1 or all dystrophins, expanding the possibilities for studying the effects of the different dystrophin isoforms.

double knockout models

In an attempt to aggravate the pathology of the mdx model and to better understand the role of the dystrophin, mice with double gene knockout (KO) were generated.

mdx; utr -/-

Utrophin (utr) is a functional autosomal paralogue to dystrophin that shares almost 80% structural homology to the DMD protein [START_REF] Love | An Autosomal Transcript in Skeletal Muscle with Homology to Dystrophin[END_REF]. Utrophin is expressed in the sarcolemma of fetal muscles and is progressively replaced by dystrophin during the development [START_REF] Clerk | Dystrophin-Related Protein, Utrophin, in Normal and Dystrophic Human Fetal Skeletal Muscle[END_REF]. Utrophin is also expressed in muscles of adult human, in the neuromuscular and myotendinous junctions, and in regenerative muscle fibres [START_REF] Pons | Dystrophin and Dystrophin-Related Protein (Utrophin) Distribution in Normal and Dystrophin-Deficient Skeletal Muscles[END_REF]. In mdx mice, the over-expression of utrophin seems to prevent the development of muscular dystrophy symptoms. Consequently and in order to increase the severity of the disease in mdx mice, a double KO (DMD and utropin) model was created.

To generate the mdx; utr -/-mouse model, female utrophin mutant mice were crossed with male mdx mice [START_REF] Deconinck | Utrophin-Dystrophin-Deficient Mice as a Model for Duchenne Muscular Dystrophy[END_REF]. Symptoms of this mouse model are closer to those of DMD patient than the mdx mice. Indeed, these mice have severe muscle weakness with centrally nucleated fibers at 2 weeks old and adipose and fibrous tissues in mice of 10 weeks old. Diaphragm is altered with necrotic fibers after 6 days of life and cardiac abnormalities were found in mice older than 7 weeks [START_REF] Grady | Skeletal and Cardiac Myopathies in Mice Lacking Utrophin and Dystrophin: A Model for Duchenne Muscular Dystrophy[END_REF]. Mdx; utr -/-mice die from respiratory failure around the age of 20 weeks [START_REF] Yucel | Humanizing the Mdx Mouse Model of DMD: The Long and the Short of It[END_REF]).

This mouse model has shown that mdx compensated the lack of dystrophin by a higher production of utrophin. This phenomenon has been shown in DMD and BMD patient too [START_REF] Janghra | Correlation of Utrophin Levels with the Dystrophin Protein Complex and Muscle Fibre Regeneration in Duchenne and Becker Muscular Dystrophy Muscle Biopsies[END_REF]).

mdx; MyoD -/-

MyoD is a muscle-specific transcription factor that plays an important role during muscle regeneration process. Mdx; MyoD [START_REF] Willmann | Mammalian Animal Models for Duchenne Muscular Dystrophy[END_REF]).

mdx; Dtna -/-

α-Dystrobrevin (Dtnα) is a protein which is directly associated to the dystrophin in the DGC and which plays crucial roles as a structural unit and scaffolds for signaling molecules at the sarcolemma of muscle cells. To understand the role of dysrobrevin in the DGC and its possible implication for muscular dystrophy, a double KO dystrophin and α-Dystrobrevin mouse model was created: mdx; Dtnα -/-(also named mdx; αdbn -/-) [START_REF] Grady | Role for Alpha-Dystrobrevin in the Pathogenesis of Dystrophin-Dependent Muscular Dystrophies[END_REF]). These mice have skeletal muscle myopathy; nuclear cell infiltration and necrosis in heart and 8 to 10 months life expectancy. Symptoms of these mice are milder than mdx; utr -/-and higher than mdx which confirms the importance of dystrobrevin for the integrity of the myofiber sarcolemma and for the NOS-mediated signaling [START_REF] Grady | Role for Alpha-Dystrobrevin in the Pathogenesis of Dystrophin-Dependent Muscular Dystrophies[END_REF]).

mdx; a7-integrin -/-

To understand the role of α7-integrin and its interactions with DGC protein, the mdx; α7integrin -/-mouse model has been created. These mice exhibit progressive muscle wasting, cardiomyopathy and die 24-27 days after birth from respiratory failure. Mdx; α7-integrin -/- mouse is a bad model to study DMD cause of its short life expectancy [START_REF] Mayer | Absence of Integrin Alpha 7 Causes a Novel Form of Muscular Dystrophy[END_REF]).

Other mouse models with mutation in the murin dmd gene

Other mouse models have been created to better understand and treat the mutation found on the DMD gene of human patient. For example, mdx52 were generated in a C57BL/6J backbone without exon 52 (replaced by the neomycin gene) [START_REF] Araki | Targeted Disruption of Exon 52 in the Mouse Dystrophin Gene Induced Muscle Degeneration Similar to That Observed in Duchenne Muscular Dystrophy[END_REF] [START_REF] Young | Creation of a Novel Humanized Dystrophic Mouse Model of Duchenne Muscular Dystrophy and Application of a CRISPR/Cas9 Gene Editing Therapy[END_REF]). This mouse model has like the previous one no symptoms because of the production by the cells of a normal murin dystrophin. This model has been used to test the efficacy of exon skipping therapy using human sequence specific to this deletion.

Recently, another mice model has been created with a mutated human DMD gene but in an mdx background: del52hDMD/mdx [START_REF] Veltrop | A Dystrophic Duchenne Mouse Model for Testing Human Antisense Oligonucleotides[END_REF]). These animals do not produce the mouse dystrophin Dp427 (because of the mdx mutation) and produce a human DMD mRNA without exon52. The absence of muscle dystrophin makes it a good model to test human sequences for exon 51 or exon 53 skipping. Unfortunately, genetic studies of both hDMD/mdx and hDMDdel52/mdx showed two copy of the hDMD gene in the chromosome 5

with a tail-to-tail orientation [START_REF] Yavas | Detailed Genetic and Functional Analysis of the HDMDdel52/Mdx Mouse Model[END_REF]. This duplication seems to have taken place during the creation of the hDMD mouse model. Both hDMD genes have been KO during the generation of the hDMDdel52/mdx mice with the exact same deletion of the first 25 bp of exon 52 but an inverse orientation of intron 51 has been found in both copy of the hDMD gene. Luckily, this intronic modification has no consequence on the mRNA sequence.

Furthermore, spontaneous skipping of exon 53, leading to restoration of human dystrophin production, has been found in some hDMDdel52/mdx mice.

In conclusion hDMD mice are a useful model to test human sequence but some controls should be performed to validate the results and avoid overestimating treatment effects.

DOG MODEL

GRMD

Dogs, like mdx mice, are animals with a natural mutation in the DMD gene. Golden Retriever with Muscular Dystrophy (GRMD) is the most characterized dog model. These dogs have a point mutation in the 3' splice site of intron 6, leading to skip exon 7 which alters the reading frame and leads to the apparition of a premature stop codon in exon 8 [START_REF] Sharp | An Error in Dystrophin MRNA Processing in Golden Retriever Muscular Dystrophy, an Animal Homologue of Duchenne Muscular Dystrophy[END_REF].

Dogs have almost the same symptoms as human DMD patients but with a high heterogeneous severity. Indeed, some animals die after few days, while others are ambulant for months [START_REF] Ambrósio | Ringo, a Golden Retriever Muscular Dystrophy (GRMD) Dog with Absent Dystrophin but Normal Strength[END_REF]. Mostly, dogs become less active at 9 months of age and at 12 months respiratory capacity is decreased and pharyngeal and esophageal dysfunctions start to appear. Cardiac atrophy already appears during the neonatal period but systolic dysfunction and left ventricular dilation are detected only after several months [START_REF] Moise | Duchenne's Cardiomyopathy in a Canine Model: Electrocardiographic and Echocardiographic Studies[END_REF]. Because of its "human-like" phenotype, GRMD is a good model to study DMD.

CXMD

As mentioned above, GRMD is a good model to evaluate the efficacy of the treatment because of its phenotype close to the human one but this model has a disadvantage: its size.

Indeed, GRMD are big dogs so pre-clinical studies performed with them are expensive. To decrease the cost of the pre-clinical studies, a new dog model was created: the CXMD. CXMD was generated with a cross-breeding between a beagle and a GMRD [START_REF] Shimatsu | Canine X-Linked Muscular Dystrophy in Japan (CXMDJ)[END_REF].

Symptoms of CXMD are the same as GMRD without the natal mortality. 

CAT MODEL

Dystrophin deficient cats were studied for the first time in 1992 [START_REF] Gaschen | Dystrophin Deficiency Causes Lethal Muscle Hypertrophy in Cats[END_REF]). These animals have a more severe disease than humans with hypertrophy of the diaphragm and of the tongue which makes eating and drinking very difficult for them. Cardiac symptoms are different from human too; cats infrequently develop clinical features of heart failure (but humans always have) but develop multifocal mineralizations in the myocardium (humans do not) [START_REF] Gaschen | Cardiomyopathy in Dystrophin-Deficient Hypertrophic Feline Muscular Dystrophy[END_REF]. For all these reasons cats are not the best animal model to study DMD.

RAT MODEL

Different rat models have been developed to study DMD. Some Wistar-Imamichi strain rats have been mutated in exons 3 or 16 of the Dmd gene [START_REF] Nakamura | Generation of Muscular Dystrophy Model Rats with a CRISPR/Cas System[END_REF]) and Sprague-Dawley rats have a mutation in exon 23 [START_REF] Larcher | Characterization of Dystrophin Deficient Rats: A New Model for Duchenne Muscular Dystrophy[END_REF]. All rats have muscle symptoms similar to the mdx mice, but myocardial damages are more severe with fibrosis of the striated cardiac muscles at an earlier age [START_REF] Zaynitdinova | Animal Models for Researching Approaches to Therapy of Duchenne Muscular Dystrophy[END_REF].

PIG MODEL

To understand the DMD physiological evolution some pig models have been developed. Pig without exon 52 is the first model created [START_REF] Klymiuk | Dystrophin-Deficient Pigs Provide New Insights into the Hierarchy of Physiological Derangements of Dystrophic Muscle[END_REF]). These animals have a progressive muscle weakness similar to humans but with a faster progression of the disease.

All animals died at the age of 14 weeks (before the reproductive age). Pigs with a deletion of exon 51 have been generated too but all animals died after 12 weeks [START_REF] Zou | Pathological Alterations in the Gastrointestinal Tract of a Porcine Model of DMD[END_REF].

Because of the prematury death of all animal before their reproductive age, and to the cost of a breading of pig; no pig model is currently available to study DMD.

RABBIT MODEL

A DMD rabbit model has been created with a CRISPR-Cas9 targeting the exon 51 [START_REF] Sui | A Novel Rabbit Model of Duchenne Muscular Dystrophy Generated by CRISPR/Cas9[END_REF] In conclusion, many animal models of DMD have been studied and generated but none are perfect. Some animals like pigs have more severe symptoms than human, others like cats have differents symptoms than human and some like mice have only few symptoms. The choice of the animal model must take into account the question to answer. If the question is about the correction of the DMD gene, mouse is one of the best models but if the question is the correction of the DMD symptoms, models like dogs may be more informative. [START_REF] Waldrop | Update in Duchenne and Becker Muscular Dystrophy[END_REF]. In this section we will describe the symptomatic treatment currently used and the new therapies under development.

TREATMENT OF THE DISEASE

REHABILITATIVE CARE AND SYMPTOMATIC TREATMENT

Corticoid

Corticoid is an anti-inflammatory medicine class used to treat DMD patients. There are currently two corticoid drugs available: prednisolone which is the historical one (used since the 80's [START_REF] Drachman | Prednisone in Duchenne Muscular Dystrophy[END_REF]) and deflazacort, an oxazoline derivative of prednisolone. Both drugs are daily administrated (HAS 2019) to patients before they show a decline of the motor functions (which appears around the age of 5-6 years-old) to their death with doses of 0.75 mg/kg/day for prednisone and 0.9 mg/kg/day for deflazacort [START_REF] Gloss | Practice Guideline Update Summary: Corticosteroid Treatment of Duchenne Muscular Dystrophy: Report of the Guideline Development Subcommittee of the American Academy of Neurology[END_REF]. Both drugs delay the symptoms of the disease but do not cure it. Thereby, this treatment improves muscle function, delays the loss of ambulation from 1.4 to 2.1 years, reduces the need for scoliosis surgery, improves pulmonary function, delays cardiomyopathy onset, and increases survival (HAS 2019;[START_REF] Matthews | Corticosteroids for the Treatment of Duchenne Muscular Dystrophy[END_REF].

Unfortunately both drugs have side effects. Some are common to all corticoids like immunity or endocrine effects or osteoporosis but other ones seem more drug specific. Deflazacort is also associated with a greater risk of cataracts and prednisone with significant risks of weight gain, and Cushing's syndrome like appearance (illustrated in the Figure 7) [START_REF] Gloss | Practice Guideline Update Summary: Corticosteroid Treatment of Duchenne Muscular Dystrophy: Report of the Guideline Development Subcommittee of the American Academy of Neurology[END_REF].

To monitor the side effects and prevent their aggravation, annual ophthalmological check-up is recommended and bone density monitoring every 2 years (without context of pathology like fracture or bone pain for example). Some supplementation in calcium and vitamin D are prescribed too (HAS 2019).

Figure 7: Main comorbidities and clinical complications in patients with

Cushing's syndrome (from [START_REF] Pivonello | Complications of Cushing's Syndrome: State of the Art[END_REF]))

New studies have been performed to optimize this therapy. The first one tried to increase the efficacy by treating young children (before 5 years old) but this increased the risk to develop cardiomyopathy [START_REF] Kim | Associations between Timing of Corticosteroid Treatment Initiation and Clinical Outcomes in Duchenne Muscular Dystrophy[END_REF]). The second one tried to decrease the side effects by changing the dosing regimen (with 10 days on, 10 days off instead of daily treatment) but this decreased the treatment efficacy [START_REF] Guglieri | Effect of Different Corticosteroid Dosing Regimens on Clinical Outcomes in Boys With Duchenne Muscular Dystrophy: A Randomized Clinical Trial[END_REF]). To decrease side effects and improve treatment efficacy, corticoid therapy is combined with organs/symptoms monitoring and other symptomatic treatments.

Lung treatment

The progressive weakening of the skeletal muscles involved in respiration leads to respiratory compromises and to increase the risk of significant morbidity and mortality events. To prevent it; respiratory function is tested every year from 6 to 12 years-old and every 6 months later. In France, vaccines against flu and pneumococcus are recommended to decrease the severity and the complication of the disease (HAS 2019). Other preventive treatments can be used to delay the respiratory symptoms. The first one is the use of corticoids as previously mentioned [START_REF] Sawnani | Comparison of Pulmonary Function Decline in Steroid-Treated and Steroid-Naïve Patients with Duchenne Muscular Dystrophy[END_REF] Decreased bone mineral density is a complication of both the disease and the corticoid therapy which increase the risk of vertebral compression and long bone fractures.

Multivitamin supplementation (with vitamin D) in combination with dietary support and physiotherapy are for now the best treatment to maintain bone mineralization.

Bisphosphonate supplementation may be used in more severe symptoms too (Waldrop and Flanigan 2019).

Gastrointestinal treatment

Because of the lack of mobility and the absence of dystrophin in the smooth muscle, DMD patients also present gastrointestinal complications. Constipation, reflux and delayed gastric emptying are the more frequent ones. These gastrointestinal complications and the difficulty for DMD boys to eat normally are associated with risk for both obesity and malnutrition [START_REF] Brumbaugh | Nutritional and Gastrointestinal Management of the Patient With Duchenne Muscular Dystrophy[END_REF]. Nutritional management with a dietician is strongly advised to decrease these symptoms and osmotic laxatives are used to treat constipation.

Pharmacological therapy in development

As previously discussed, corticoid therapy is currently the first treatment option for DMD but it has many side effects. To decrease the side effects, new compounds with anti-inflammatory, anti-fibrotic, or antioxidant properties are in development and numerous phase II/III or III trials are ongoing [START_REF] Deng | Drug Development Progress in Duchenne Muscular Dystrophy[END_REF]. One of the molecules of interest is vamorolone; a steroidal anti-inflammatory drug binding the same receptors as corticosteroids. In the long-term extension trial (NCT03038399), Santhera showed that treatment efficacy is similar to corticoids but with an improved safety profile (Santhera 2021).

These positive results allowed the validation of its marketing authorization application for the treatment of DMD by the EMA (the October 31, 2022). Santhera is now waiting for the full approval authorization needed for a commercialization in Europe (planned for end of 2023) (Santhera 2022).

Other compounds of interest for treating DMD include sildenatil and tadalafil (phosphodiesterase 5 inhibitors). It was thought that an increase in blood flow could decrease muscle fibrosis in DMD. However, sildenatil has shown heart toxicity during phase II trials [START_REF] Leung | Sildenafil Does Not Improve Cardiomyopathy in Duchenne/Becker Muscular Dystrophy[END_REF]) and tadalafil has shown no improvement in disease outcomes during a phase III trial [START_REF] Victor | A Phase 3 Randomized Placebo-Controlled Trial of Tadalafil for Duchenne Muscular Dystrophy[END_REF].

Givinostat, a histone deacetylase (HDAC) inhibitor, has been shown to change the epigenetic markers of histones in mdx mice, which induces the expression of follistatin. Up-regulation of follistatin leads to an increase in muscle regeneration and decrease in inflammation and fibrosis (Consalvi et al. 2013). In phase II trial, 12 months treatment with givinostat was well tolerated and led to a reduction of muscle fibrosis, necrosis, and fatty replacement [START_REF] Bettica | Histological Effects of Givinostat in Boys with Duchenne Muscular Dystrophy[END_REF]. Givinostat is currently tested in a double blind placebo-controlled phase III study (EPIDYS, NCT02851797) to evaluate its safety and efficacy. The preliminary data showed that givinostat was well tolerated. The drug was also able to delay disease progression by slowing down the decline in time needed to climb four stairs, by maintaining muscle strength and by decreasing fat infiltration by approximately 30% (Action Duchenne 2022). To help its development and speed up its potential approval, both FDA and EMA granted the orphan drug designation to givinostat and FDA gave the rare pediatric disease designation too.

During my PhD, I compared the effects of three HDAC inhibitors (including givinostat) used alone or in combination with ASO therapy. These in-vivo protocols performed in mdx mice aim to investigate the effects of HDAC inhibitor on dystrophin RNA production in the different targets organs and the feasibility and the efficacy of a combined therapy using HDAC inhibitor and ASO.

GENE THERAPY

As previously discussed, DMD is caused by various types of mutations, from only one nucleotide replacement to many exons deletions (Figure 2). For this reason, one of the main therapies in development for DMD is gene therapy. This technique aims to treat the disease by providing a functional copy of the DMD gene. In this section, we will study the main strategy in development to correct the DMD gene and we will discuss the latest clinical data results.

Additive gene therapy

Pre-clinical development

The first solution to possibly cure DMD patients is to introduce a functional copy of the DMD gene in all muscle cells. To this aim, a plasmid containing a promoter and the complementary DNA (cDNA) sequence of the DMD gene was created. Injection of plasmids encoding for the full-length dystrophin in mice revealed that this therapy was relatively inefficient with only around 2% of fiber corrected in the injected muscle and no correction in the non-injected ones [START_REF] Zhang | Intraarterial Delivery of Naked Plasmid DNA Expressing Full-Length Mouse Dystrophin in the Mdx Mouse Model of Duchenne Muscular Dystrophy[END_REF]). Intramuscular injection of DNA plasmid in humans showed the same results with less than 10% of muscular fibers partially corrected [START_REF] Romero | Phase I Study of Dystrophin Plasmid-Based Gene Therapy in Duchenne/Becker Muscular Dystrophy[END_REF]). Because of the low restoration level found in the injected muscle and the non-distribution of the plasmid in all muscles, this strategy has some major disadvantages. Vector should be used to carry the cDNA to all muscle cells. The most efficient vectors able to target muscle fibers are the viral vectors but they are generally too small to carry the Dp427 full cDNA sequence (which is 11.5kb long).

In 1990, a BMD patient expressing a dystrophin without exons 17 to 48 was discovered.

Although he had a deletion of almost half the coding information, he was still expressing a functional dystrophin protein and was still ambulant (even one case of 61 years old) [START_REF] England | Very Mild Muscular Dystrophy Associated with the Deletion of 46% of Dystrophin[END_REF]. Since this case report, other functional mini-dystrophin sequences have been reported with more or less exon deletions. This finding was particularly significant in the context of gene therapy because some viral vectors were able to carry genetic material the size of a mini-dystrophin sequence. This was tested in both adenoviral and retroviral vectors.

Unfortunately, adenoviral vectors induced a robust cellular immune response so they could only be efficiently used in immune-compromised animals. Retroviral vectors were also tested in animal models but led to limited efficacy in muscles [START_REF] Chamberlain | Gene Therapy of Muscular Dystrophy[END_REF].

To be able to treat all muscles, other vectors have been tested and the most promising one was the adeno associated virus (AAV). In the 90s, AAV have been used to treat patients with cystic fibrosis [START_REF] Wagner | Efficient and Persistent Gene Transfer of AAV-CFTR in Maxillary Sinus[END_REF]) but its ability to treat DMD was limited because of the size of its transgene. Indeed, AAV can only carry 5kb of genetic material and the mini-dystrophin Δ17-48 is 6.5kb big. To solve this problem, some micro-dystrophins (with a size under 4 kb)

have been created. The first one was generated in 1997 and was called ΔDysM3 [START_REF] Yuasa | Introduction of rod-deleted dystrophin cDNA, delta DysM3, into mdx skeletal muscle using adenovirus vector[END_REF]). This sequence encoded for a dystrophin of 3.7kb composed with the N-terminal domain, hinges 1 and 4, a single spectrin-like repeat, the cysteine-rich domain, and Cterminal domain (Figure 8). Unfortunately this construct did not manage to treat the mdx mice [START_REF] Takeda | Development of new therapy on muscular dystrophy[END_REF].

Figure 8: Main microdystrophin sequences used in pre-clinical and clinical trials

Many tests were performed to optimize the sequence of the micro-dystrophin and to find the critical exons to include. Few years later, Xiao lab and Chamberlain lab created AAVs able to restore dystrophin in mouse muscle after local injection. The vector of the first lab contained the micro-dystrophin sequence Δ3990 [START_REF] Wang | Adeno-Associated Virus Vector Carrying Human Minidystrophin Genes Effectively Ameliorates Muscular Dystrophy in Mdx Mouse Model[END_REF] and the second lab the ΔR4-23/ΔC one [START_REF] Harper | Modular Flexibility of Dystrophin: Implications for Gene Therapy of Duchenne Muscular Dystrophy[END_REF]. Both sequence encoded for the N terminal domain, the hinges 1 and 4, the spectrin-like repeats 1, 2 and 24 and the cysteine-rich domain. Unlike ΔDysM3, none of them had the C-terminal domain (Figure 8). [START_REF] Mendell | Gene Therapy for Muscular Dystrophy: Lessons Learned and Path Forward[END_REF]. One hypothesis that may explain the transient T-cell response induced in the patient who made the more severe one is related to the particular mutation of this patient. Indeed, he had a deletion of exons 3 to 17 and Δ3990 express exons 3 to 12 so CD4+ and CD8+ T cells may have reacted against this section of the protein.

During the same period, the dystrophin protein function was getting more and more characterized and the nitric oxide synthase binding domain was discovered. In 2009, the Duan lab created a new micro-dystrophin sequence with the spectrin-like repeats 16 and 17:

the µDys-R5 [START_REF] Lai | Dystrophins Carrying Spectrin-like Repeats 16 and 17 Anchor NNOS to the Sarcolemma and Enhance Exercise Performance in a Mouse Model of Muscular Dystrophy[END_REF]. Today, the first micro-dystrophins we described (Δ3990, ΔR4-23/ΔC and µDys-R5) are tested in clinic and more than 30 different configurations of synthetic microgenes have been published [START_REF] Duan | Systemic AAV Micro-Dystrophin Gene Therapy for Duchenne Muscular Dystrophy[END_REF]. Besides the optimization of the micro-dystrophin sequence itself, additional features of the vector are important including the serotype and the promoter. One of the main challenges is to use an AAV vector able to efficiently target muscle cells following an intravenous injection.

To reach this goal many AAV vectors have been screened, tested and classified in terms of their different cell tropisms and receptors. Ten of them are currently used for gene therapy in neuromuscular disorders with more or less efficacy (Table 2). AAV6, 8 and 9 were the first AAV vectors that were tested to treat DMD which showed effective whole-body muscle transduction after systemic injection in animal models (rodents and dogs) [START_REF] Gregorevic | Systemic Delivery of Genes to Striated Muscles Using Adeno-Associated Viral Vectors[END_REF][START_REF] Wang | Adeno-Associated Virus Serotype 8 Efficiently Delivers Genes to Muscle and Heart[END_REF][START_REF] Yue | A Single Intravenous Injection of Adeno-Associated Virus Serotype-9 Leads to Whole Body Skeletal Muscle Transduction in Dogs[END_REF].

The main limitation of AAV vector is the immune reaction following its administration.

Indeed, AAV vector are built with a capsid of commensal virus so patients can be immunized against the vector before the treatment. For example, a study showed that 47 to 96% of patients have pre-existing antibodies against AAV2. Analysis of the seroprevalence of the more efficient AAV vectors (serotypes 8, 9 and rh.74) in DMD patient showed that AAV9 and AAVrh.74 are the less prevalent, thus having the lowest risk for immune reactions [START_REF] Verma | Seroprevalence of AAV Neutralizing Antibodies in Males with Duchenne Muscular Dystrophy[END_REF]. Based on all this information, some AAV vectors containing micro-dystrophin sequence have been used in clinical trials to treat DMD.

Clinical Study

Four clinical trials are currently ongoing to evaluate the safety and the efficacy of systemic injection of AAV micro-dystrophin vectors. Trials are performed by Solid Biosciences, Sarepta

Therapeutics, Pfizer and Genethon (Table 3). The AAV serotype (8, 9 or rh.74), the muscle specific promoter (MCK, CK8, MHCK7 or Spc5.12) and the micro-dystrophin sequence (Δ3990, µDys-5R or ΔR4-23/ΔC) used in the clinical trials are very variable. These four clinical trials also differ in terms of patient cohort and injected dose. Indeed, ambulatory and not ambulatory patients aged of more than 4 years old have been treated with a dose of 1 or 3E14 vector genomes (vg) per kg during the phase Ib trial of Pfizer. During the clinical trial phase I/II of Solid Biosciences patients (ambulatory or not) of 4 to 17 years old were treated with a doses of 5E13 vg/kg of AVV vector. During the clinical trial phase I/II of Sarepta ambulatory patients of 3 months to 7 years old were treated with a doses of 2E14 vg/kg of AVV vector and during the trial phase I/II of Genethon, ambulatory patients from 6 to 10 years old were included (Table 3). In this section we will review the first clinical data obtained with their vectors. in DMD patients. Doses of 1E14 or 3E14 vg/kg are tested and participants will be followed up to 5 years after treatment. In parralel, a multicenter, randomized, double-blind, placebo controlled phase III study is ongoing to monitor the safety and efficacy of the treatment (NCT04281485), in which patients will also be followed until 5 years after treatment.

In May 2020, after injecting 3 patients at the low dose (1E14 vg/kg) and 6 at the high dose (3E14 vg/kg), Pfizer announced that PF-06939926 was well-tolerated during the infusion period and had a good efficacy profile in terms of dystrophin expression (24% restoration with the low dose and 51.6% with the high dose) and motor functions at 12 months posttreatment (Pfizer 2020). Among the 9 treated patients, three serious adverse events were reported but they were all fully resolved within 2 weeks.

In September 2021, three additional serious adverse events were reported and two involved myocarditis. Some mutations in the DMD gene seem to increase the probability to develop this adverse event. For that reason, an amendment was made on the study protocol and vg/kg of SRP-9001 were published in 2020 [START_REF] Mendell | Assessment of Systemic Delivery of RAAVrh74.MHCK7.Micro-Dystrophin in Children With Duchenne Muscular Dystrophy: A Nonrandomized Controlled Trial[END_REF]. No serious adverse events were detected post injection. The transduction level efficacy was monitored in muscle biopsies of treated patients and 3 vector copies per nucleus were quantified. The dystrophin restoration level in muscle was at 74.3% 12 weeks after treatment; no data were published for a later time point even if the North Star Ambulatory Assessment is stable during the 365 days following the injection.

In 2021, Sarepta Therapeutics published the data of another phase I clinical trial (NCT04626674). In this study 11 patients were treated with a lower dose of SRP-9001

(1.33E14 vg/kg instead of 2E14). No serious adverse events were found and the mean levels of the dystrophin protein restoration were at 55.4% 12 weeks post treatment (Sarepta 2021a).

Data obtain from the phase II trial (NCT03769116) reported in January 2021 showed no improvement of the North Star Ambulatory Assessment in the treated group compared to the placebo one (Sarepta 2021b). Clinical trials are still ongoing to prove the safety and efficacy of the treatment.

GNT 0004

GNT0004 is an AAV vector developed by Genethon with an AAV8 serotype encoding for the microdystrophin ΔR4-23/ΔC under the promoter Spc5.12. GNT0004 is currently tested in a phase I/II/III open-label clinical trials (2020-002093-27). In April 2021, the first patient was injected (genethon 2021). Because of the apparition of serious side effects, this trial is temporarily interrupted and the protocol has been amended (genethon 2022).

In conclusion AAV therapy showed promising results during in-vivo studies carried out on animals. This technology may, in theory, be able to treat all DMD patients with only one drug (as opposition to the genome editing or the exon skipping therapy that we will review in the next sections). Unfortunately, severe treatment-related adverse reactions, including death have been reported during the clinical trials. A clear understanding of these risks and their mechanisms will be the basis for new drug approval. Indeed, adverse events occurrence may be decreased with a better identification of patients at risk of severe reactions, immunosuppressive regimens, specific follow-up and more specific engineering of capsids [START_REF] Horton | A Systematic Review of Adeno-Associated Virus Gene Therapies in Neurology: The Need for Consistent Safety Monitoring of a Promising Treatment[END_REF].

Moreover, another limitation of AAV therapy is their inability to be re-administered over time.

Therefore, the AAV transgene injected in young patients should be expressed in the target cells of the patient during its all life. The impossibility to make a second injection after some time may be a problem at mild or long term if the production of micro-dystrophin is lost with time, with muscle growth or with muscle physiological remodeling.

Genome editing

CRISPR Cas

Clustered regularly interspaced short palindromic repeats (CRISPR) was first identified by Jennifer Doudna and Emmanuelle Charpentier (who won a Nobel prize in 2020 for it) in bacterial. This molecule was used as bacterial immunity. With it, viral DNA was incorporated into the bacterial genome before being transcribed into RNAs. RNA produced may cooperate with the endonuclease to recognize future viral pathogens and mediate to their destruction [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF].

CRISPR-Cas9 technology can also be used to induce double-stranded DNA breaks in the DMD gene to activate DNA repair systems. To this end, CRISPR/Cas9 system needs two main components:

 a CRISPR-associated endonuclease (Cas)

 a single guide RNA (sgRNA)

The sgRNA contains the complementary sequence of the gene to cut. sgRNA will guide the Cas to the place of interest in the genome and subsequently Cas will cut it. These breaks activate two main repair pathways: the non-homologous end joining (NHEJ) and the homology-directed repair (HDR). In presence of a donor template, the HDR pathway will be activated; in contrast in absence of a donor template, the NHEJ will be activated. The latter is quick and is, in contrast to the HDR pathway, efficient throughout the cell cycle, but may result in insertion or deletions in the DNA sequences. HDR pathway may be used to correct the gene by modifying a point mutation or inserting a missing exon. A major challenge includes the fact that a donor template, which encodes for RNA sequence of interest, should be delivered in the cell at the same time as the CRISPR-Cas system. Moreover muscle fibers are non-dividing cells, which make HDR less efficient as NHEJ.

NHEJ may be used to treat DMD but its effect depends on the localization of the doublestranded DNA breaks (Figure 9). It can induce [START_REF] Aslesh | Restoration of Dystrophin Expression and Correction of Duchenne Muscular Dystrophy by Genome Editing[END_REF][START_REF] Erkut | CRISPR Therapeutics for Duchenne Muscular Dystrophy[END_REF] Yokota 2022):

 exon skipping if the break is in a splice acceptor site  exon exclusion with 2 breaks: one before and one after the exon  exon reframing with a break in the exon sequence [START_REF] Aslesh | Restoration of Dystrophin Expression and Correction of Duchenne Muscular Dystrophy by Genome Editing[END_REF]).

The single-cut exon-skipping strategy has been tested in vivo in mouse [START_REF] Amoasii | Single-Cut Genome Editing Restores Dystrophin Expression in a New Mouse Model of Muscular Dystrophy[END_REF] and dog [START_REF] Amoasii | Gene Editing Restores Dystrophin Expression in a Canine Model of Duchenne Muscular Dystrophy[END_REF]) models. In mice, this therapy was found to restore dystrophin expression up to 90% of the WT expression level in skeletal and cardiac muscles, to increase muscle force and to normalize CK levels. In deltaE50-MD dogs, single-cut exon-skipping strategy restored dystrophin expression to 60% of WT in muscles and to 90% of WT in heart.

These data are very promising and clinical trials are needed to test the safety and efficacy of the drug in humans.

The double cut exon deletion has been tested in both mice and pig models with good results.

This method was used to exclude exon 51 in pig delta 52. This deletion leads to the restoration of the open reading frame and to the production of almost 50% of dystrophin in muscles and 10% in heart [START_REF] Moretti | Somatic Gene Editing Ameliorates Skeletal and Cardiac Muscle Failure in Pig and Human Models of Duchenne Muscular Dystrophy[END_REF]. In mice, this method was used to delete one [START_REF] Long | Postnatal Genome Editing Partially Restores Dystrophin Expression in a Mouse Model of Muscular Dystrophy[END_REF] or many exons [START_REF] Bengtsson | Muscle-Specific CRISPR/Cas9 Dystrophin Gene Editing Ameliorates Pathophysiology in a Mouse Model for Duchenne Muscular Dystrophy[END_REF][START_REF] Xu | CRISPR-Mediated Genome Editing Restores Dystrophin Expression and Function in Mdx Mice[END_REF]. Duchene et al. used this method in mice to connect the exons 47 and 58 by excising all the exons and introns in between [START_REF] Duchêne | CRISPR-Induced Deletion with SaCas9 Restores Dystrophin Expression in Dystrophic Models In Vitro and In Vivo[END_REF]. This approach may be applicable to about 40% of the DMD patients. Unfortunately PCR did not detect the hybrid exon junction [START_REF] Frank | ! 47! Increased!dystrophin!production!with!golodirsen!in!patients!with!Duchenne!muscular!dystrophy[END_REF][START_REF] Heo | !Golodirsen:!First!Approval[END_REF][START_REF] Komaki | !Systemic! 1! administration!of!the!antisense!oligonucleotide!NS@065/NCNP@01!for!skipping!of!exon!53!in! 2! patients!with!Duchenne!muscular!dystrophy[END_REF](50)[START_REF] Aartsma | !Report!of![END_REF][START_REF]!Wave!Life!Sciences!Announces!Suvodirsen!Phase!1!Safety!and!Tolerability!Data!and! 9! Phase!2/3!Clinical!Trial!Design.!Wave#Life#Sciencesat!<https[END_REF](53)[START_REF] Lee | !2'@O@Methyl! 12! RNA/Ethylene@Bridged!Nucleic!Acid!Chimera!Antisense!Oligonucleotides!to!Induce!Dystrophin! 13! Exon!45!Skipping[END_REF][START_REF] Hammond | !Cell@ 19! Penetrating!Peptide!Conjugates!of!Steric!Blocking!Oligonucleotides!as!Therapeutics!for! 20! Neuromuscular!Diseases!from!a!Historical!Perspective!to!Current!Prospects!of!Treatment[END_REF](56)[START_REF] Moulton | !Morpholinos!and!their!peptide!conjugates:!Therapeutic! 23! promise!and!challenge!for!Duchenne!muscular!dystrophy[END_REF][START_REF] Goyenvalle | !Functional! 27! correction!in!mouse!models!of!muscular!dystrophy!using!exon@skipping!tricyclo@DNA!oligomers.! 28![END_REF] in the tibialis anterior nor in the diaphragm of the treated del52hDMD/mdx mice. Only few dystrophin positive fibers were detected in the heart. To confirm the long term efficacy of the double cut -one exon deletion method, Nelson et al analyzed the dystrophin restoration level in mice 1 year after treatment [START_REF] Nelson | Long-Term Evaluation of AAV-CRISPR Genome Editing for Duchenne Muscular Dystrophy[END_REF]. After this period, mice were still able to produce dystrophin in both cardiac and skeletal muscle cells but at a low level (around 5 to 10% of a WT level). Humoral and cellular immune responses have been detected in mice but it may be avoided by treating neonatal mice instead of older one. The double cut exon deletion strategy is currently in development with cell or animal model to be more efficient before being tested in clinic.

For the exon reframing method, Min et al. designed a sgRNA which can insert only a single adenosine in the DNA break [START_REF] Min | CRISPR-Cas9 Corrects Duchenne Muscular Dystrophy Exon 44 Deletion Mutations in Mice and Human Cells[END_REF]. The insertion of a single adenosine in the DNA sequence may restore the open reading frame in exons that are off by only one nucleotide.

No in-vivo data were found with this specific construction yet.

Other methods

Before CRISPR-Cas9, transcription activator-like effector nucleases (TALENs) and zinc-finger nucleases (ZFNs) were used to make double-stranded DNA breaks. Both have been tested for gene editing in DMD, but have major disadvantages [START_REF] Cai | Development of CRISPR-Mediated Systems in the Study of Duchenne Muscular Dystrophy[END_REF][START_REF] Li | Precise Correction of the Dystrophin Gene in Duchenne Muscular Dystrophy Patient Induced Pluripotent Stem Cells by TALEN and CRISPR-Cas9[END_REF]: ZFNs may induce cytotoxic off-target effects because of its lack of specificity [START_REF] Zhang | Myoediting: Toward Prevention of Muscular Dystrophy by Therapeutic Genome Editing[END_REF] and TALENs have a poor biodistribution in the target cells [START_REF] Gupta | Expanding the Genetic Editing Tool Kit: ZFNs, TALENs, and CRISPR-Cas9[END_REF].

Genome editing in clinic

Based on its effects in animal models, genome editing seems promising for treatment of DMD. Indeed, unlike the AAV therapy whose transgene must be expressed throughout the patient's life, gene editing technology just needs to be efficient during a short period of time;

the time of genome correction. However, the side effects, in particular the off-target ones, should be analyzed carefully. The double-stranded DNA breaks induced in another gene may cause cancer, cell differentiation, or cell apoptosis (depending on the gene and the cells). The modification of germinal cells may transmit the modification to the descendants, leading to ethical issues. The nuclease components (the Cas) are derived from bacteria and therefore the patient may produce an immune response against it. This is of particular interest since this technology is mostly administered with AAV vectors, against which an immune reaction may be produced too (Robinson-Hamm and Gersbach 2016). In August 2022 the CRD-TMH-001 trial (the first clinical trial using CRISPR to treat DMD patients) was approved by the FDA (NCT05514249) to test this approach on one patient. The patient passed away in November 2022. No details related to the circumstances of this death are currently known (Cure Rare Disease 2022).

In conclusion, even if genome editing showed promising results during in-vivo studies carried out on animals, its development and the characterization of its toxic effects (with off target) must be better understood before going into clinic and be approved as medicine.

MODULATE EXPRESSION OF OTHER GENES

As mentioned in the animal model section, some genes may be up or down regulated to decrease the symptoms of the disease. For example, dystrophin/ utrophin KO mouse has more severe symptoms than the mdx mouse. For that reason, the modulation of other genes than the DMD one can be used to attenuate the disease.

Utrophin up-regulation

As we saw in the animal model section, utrophin is a functional autosomal paralogue to dystrophin which seems to prevent the development of muscular dystrophy symptoms in mdx mice. Utrophin upregulation may also be a good strategy to treat DMD patients [START_REF] Tinsley | Expression of Full-Length Utrophin Prevents Muscular Dystrophy in Mdx Mice[END_REF].

Ezutromid, a small chemical molecule, C 19 H 15 NO 3 S, up-regulated significantly the utrophin level production in the muscle of mdx mice and slow down disease progression [START_REF] Tinsley | Daily Treatment with SMTC1100, a Novel Small Molecule Utrophin Upregulator, Dramatically Reduces the Dystrophic Symptoms in the Mdx Mouse[END_REF]. Data obtained during the phase I clinical trial showed good tolerability of the compound [START_REF] Tinsley | Safety, Tolerability, and Pharmacokinetics of SMT C1100, a 2-Arylbenzoxazole Utrophin Modulator, Following Single-and Multiple-Dose Administration to Healthy Male Adult Volunteers[END_REF]. The phase II clinical trial did not show significant efficacy of the drug. In 2018 Summit Therapeutics decided to stop all clinical trials and all developments with this molecule (Summit Therapeutics 2018).

Myostatin inhibition

Myostatin, also known as growth differentiation factor 8 (GDF-8), inhibits the activation of satellite cells and the mTOR pathway which regulates the muscle fiber growth and mass [START_REF] Yoon | MTOR as a Key Regulator in Maintaining Skeletal Muscle Mass[END_REF]. Mice with a KO in myostatin gene have a higher skeletal muscle mass than control mice. In mdx mice, the inhibition of myostatin decreases the severity of the disease Talditercept alpha (also named RG6206) is an anti-myostatin adnectin developed by Roche.

Adnectin is an antibody like family proteins with a design based on the framework of the 

CELL THERAPY

Gene therapy and gene editing are not the only ways to add a functional DMD gene in muscle cells. Allogenic cells (cells from a donor) or autologous cells (cells from the patient which have been corrected in-vitro) may be used to carry the gene in the muscle fibers. To this end, cells need to go into the muscle and fuse with the fibers.

The first cells used for this therapy were satellite cells (muscle stem cells) and myoblasts (the early mononuclear muscle cells able to proliferate or to differentiate in muscular cells).

Myoblasts that were injected intramuscularly have shown interesting results in animal models and are currently tested in phase I/II clinical trial (NCT02196467). Although the first results seem promising, one of the major limitations of this technique is the inability of cells to diffuse to all target organs. Indeed, to cure DMD patient, all muscles, including the heart, should be treated. This is not possible through intramuscular injections. The cells unfortunately failed to treat mice after intra-arterial injections [START_REF] Skuk | First Study of Intra-Arterial Delivery of Myogenic Mononuclear Cells to Skeletal Muscles in Primates[END_REF].

Mesoangioblast is another cell type able to differentiate into muscle fibers. In contrast with the previous ones, mesoangioblasts are able to do homing to muscle after intra-arterial delivery. A phase I/IIa trial using allogenic cells have been performed in five DMD patients (EudraCT 2011-000176-33). Unfortunately, the dystrophin restoration level was too low to be therapeutically meaningful for the patients [START_REF] Cossu | Intra-Arterial Transplantation of HLA-Matched Donor Mesoangioblasts in Duchenne Muscular Dystrophy[END_REF].

Mesenchymal stem cells are, like the previous cells, able to engraft in skeletal muscle. The advantage of these cells is their possible extraction from umbilical cords (an easy source for allogenic cells collection). During phase I/II trial, mesenchymal stem cells had improved pulmonary function but limb muscle strength was not statistically improved [START_REF] Dai | Efficacy of Stem Cell Therapy in Ambulatory and Nonambulatory Children with Duchenne Muscular Dystrophy -Phase I-II[END_REF].

Bone marrow-derived autologous stem cells have been tested in clinical trial (NCT03067831)

but their ability to differentiate into muscle fibers was too low to be efficient [START_REF] Biressi | Stem Cell Therapy for Muscular Dystrophies[END_REF].

Cardiosphere-derived cells, contrarily to the previous cells, do not differentiate or fuse with muscle cells. Cardiosphere-derived cells secrete vesicles (exomes), which alter the expression profile of macrophages and reprogram fibroblasts. They thus decrease the inflammation and the fibrose. Intracoronary injection of cardiosphere-derived cells was abble to increase the upper limb strength and the heart function of DMD patients [START_REF] Taylor | Cardiac and Skeletal Muscle Effects in the Randomized HOPE-Duchenne Trial[END_REF]. A clinical trial phase III is ongoing to confirm the effects of this therapy (NCT05126758).

In conclusion the advantage of cell therapy is the possible multiple administration during the patient life but this technique has many limitations [START_REF] Sun | Stem Cell-Based Therapies for Duchenne Muscular Dystrophy[END_REF]. One of them is the limited number of cells collected (depending on the cells used for the therapy) which may impact the efficacy of the treatment. Another limitation is the low engraftment level obtained in the target organs and the accumulation of the cells in the highly vascularized organs such as liver and lungs. To avoid this accumulation, new delivery methods of systemic dissemination should be developed. Furthermore, the transplanted cells should cross the muscle-endothelial barrier to fuse with the regenerating muscle fibers (and treat the disease)

and should colonize the satellite cell niche to ensure long-term benefits of the treatment. The last limitation of the autologous cell therapy is the risk of off-target effects induced by the genome editing method used to correct the cell. For all these reasons, cell therapy is not the optimal method to treat DMD patient yet.

READTHROUGH THERAPY

DMD is caused by a nonsense mutation in the dystrophin gene in about 10% of patients (Figure 2). This alteration causes the apparition of a premature stop of translation which results in production of non-functional dystrophin. The aim of readthrough therapy is to restore the production of full length dystrophin by inhibiting the translation termination caused by a point mutation.

Gentamycin was one on the first molecules tested to bypass the premature stop codon generated by a point mutation. This molecule was able to restore functional dystrophin production in the mdx mouse model [START_REF] Barton-Davis | Aminoglycoside Antibiotics Restore Dystrophin Function to Skeletal Muscles of Mdx Mice[END_REF]). Based on these data, a phase I clinical trial was started (NCT00451074). Three out of four patients who had UGA sequence as stop codon were able to produce dystrophin after the treatment but patients with UAA sequence as stop codon did not. Unfortunately, chronic use of gentamycin increases the risk of nephrotoxicity and ototoxicity [START_REF] Politano | Gentamicin Administration in Duchenne Patients with Premature Stop Codon. Preliminary Results[END_REF]. Due these serious adverse events, the development of this treatment was stopped.

Ataluren, another molecule able to suppress premature termination but without nephrotoxicity and ototoxicity, was able to restore dystrophin production and rescue functional activity of skeletal muscles within 2-8 weeks of treatment in mdx mice [START_REF] Welch | PTC124 Targets Genetic Disorders Caused by Nonsense Mutations[END_REF]. Subsequently, in a phase I trial, sixty-two healthy adults were treated and no adverse events were found, except for only mild headaches, dizziness, and gastrointestinal discomfort at high dose [START_REF] Hirawat | Safety, Tolerability, and Pharmacokinetics of PTC124, a Nonaminoglycoside Nonsense Mutation Suppressor, Following Single-and Multiple-Dose Administration to Healthy Male and Female Adult Volunteers[END_REF]. A randomized, double-blind, placebo-controlled phase II study enrolling 174 DMD patients of 5 years old and older confirmed that ataluren was welltolerated and showed that the molecule improves the 6MWT after 48 weeks of treatment [START_REF] Bushby | Ataluren Treatment of Patients with Nonsense Mutation Dystrophinopathy[END_REF]. Based on these results EMA granted a conditional marketing authorization for ataluren in 2014. In 2020, Mercuri et al [START_REF] Mercuri | Safety and Effectiveness of Ataluren: Comparison of Results from the STRIDE Registry and CINRG DMD Natural History Study[END_REF]) compared the results obtained during the phase III trial (STRIDE Registry) in which 217 patients from 11 countries were treated with ataluren with data from 400 untreated patients (from the CINRG DNHS data base). They showed that the main clinical benefit of ataluren was to slow down the disease progression. This effect was found over a mean treatment period of 632 days.

They showed that ataluren might delay the worsening of pulmonary function and loss of ambulation but they found no significant improvement of the heart function. Because of its low beneficial effects, the FDA has not approved this drug yet and three clinical trials are ongoing to prove the efficacy of the drug (NCT01247207, NCT03179631, and NCT02369731).

Further analysis of clinical trials data showed that ataluren was more efficient in younger patients [START_REF] Ruggiero | One-Year Follow up of Three Italian Patients with Duchenne Muscular Dystrophy Treated with Ataluren: Is Earlier Better?[END_REF]. A phase II clinical trial is ongoing to test the efficacy and tolerability of the treatment in children from 6 month-old to 2 years-old (NCT04336826).

SPLICE SWITCHING THERAPY TO TREAT DMD

Splice switching therapy is another therapeutic approach used to restore the dystrophin production in cells. This therapy will not correct the genome (or add a new gene) but will act on the RNA maturation process to produce a functional mRNA and therefore a functional dystrophin.

INTRODUCTION OF SLICE SWITCHING THERAPY

Splicing mechanism

During transcription, cells produce pre-mRNA from the DNA sequence. To be translated, pre-mRNA needs to undergo a maturation step to exclude the non-coding part of the gene (the introns). This step is the splicing.

The splicing machinery (the spliceosome) is composed of hundreds of proteins which will self-associate to form small nuclear Ribo Nucleo Protein (snRNP). These snRNP will bind the pre-mRNA to put the consecutive exons close from each other before cutting the intron off and link the exons together. To do that, the spliceosome needs to recognize 4 specific sites of the pre-mRNA sequence (Figure 10):

 the 5′ splice site (or donor site)

 the 3′ splice site (or acceptor site)

 the branch site (or branch point)

 the polypyrimidine tract Pre-mRNA is composed by exons (cylinders), introns (lines), the 5′ splice site (5'ss), the 3′ splice site (3'ss), the branch point, and the polyrimidine tract. The main snRNP involved in the spliceosome appear with their name (U1, U2, U2AF, U4, U5, and U6).

The first snRNPs involved in the spliceosome are U1 (which binds on the 5' site), and U2 and U2AF (which bind on the 3'site). The combination of these 3 snRNPs with the pre-mRNA forms the pre-spliceosome which initiates the splicing. The snRNP U4, U5 and U6 are next recruited in the spliceosome to exclude the intron of the mRNA sequence (Figure 10).

Other proteins may interfere with the spliceosome and modulate the pre-mRNA splicing. For example, the SR proteins (proteins with regions rich in serine and arginine residues) are able to bind to splicing enhancer site of the pre-mRNA to initiate the splicing. By opposition, the heterogeneous nuclear ribonucleo-proteins can bind splicing silencer sites of the pre-mRNA to repress the spicing. A mutation in any of these motifs, disturbing the interaction between the pre-mRNA and the spliceosome interaction sites is able to disturb the pre-mRNA splicing and conduce to the insertion of an intron or the deletion of an exon in the mRNA sequence [START_REF] Bergsma | Alternative Splicing in Genetic Diseases: Improved Diagnosis and Novel Treatment Options[END_REF]. Exon skipping therapy aims at interacting with these domains to modulate the pre-mRNA splicing.

Exon skipping in DMD

The most prevalent mutations causing DMD are deletions of one or more exons which conduce to the disruption of the open reading frame (Figure 2). The main aim of exon skipping therapy is to restore the open reading frame by skipping one other exon (or more).

In this way, the corrected mRNA will produce a truncated but functional protein, which is similar to the protein found in BMD patients.

Exon skipping therapy is a personalized medicine which should be adapted to the specific mutation of the patient in order to restore the mRNA open reading frame and consequently the production of a functional dystrophin protein. This approach can be applicable to about 55% of DMD patients (80% of patients with a deletion in the gene) [START_REF] Bladen | The TREAT-NMD DMD Global Database: Analysis of More than 7,000 Duchenne Muscular Dystrophy Mutations[END_REF] but to treat all of these eligible patients many drugs should be developed and produced. The development of eight drugs to skip the eight most prevalent exons would be enough to treat 75% of patients eligible for a single exon skipping therapy (Figure 11). The antisense oligonucleotides (ASO) are the more common technology used to perform exon skipping therapy in DMD. To perform it, ASO are composed of an antisense sequence which binds the mRNA at critical splicing sites. In the next section we will describe the ASO currently used and we will then review the results obtained during DMD studies (pre-clinical and clinical trials).

ANTISENSE OLIGONUCLEOTIDES

ASOs are typically synthetic single-stranded oligonucleotides of 12-30 nucleotides long [START_REF] Gilar | Kinetics of Phosphorothioate Oligonucleotide Metabolism in Biological Fluids[END_REF][START_REF] Griepenburg | Ruthenium-Caged Antisense Morpholinos for Regulating Gene Expression in Zebrafish Embryos[END_REF][START_REF] Kaur | LNA-Modified Oligonucleotides Effectively Drive Intramolecular-Stable Hairpin to Intermolecular-Duplex State[END_REF], designed to bind to a messenger RNA (mRNA) or non-coding RNA through Watson-Crick base pairing in order to modulate their function/ expression. ASOs were first used in 1978 by Zamecnik and Stephenson as a gene-silencing approach [START_REF] Zamecnik | Inhibition of Rous Sarcoma Virus Replication and Cell Transformation by a Specific Oligodeoxynucleotide[END_REF], but the technology has rapidly evolved since then with numerous other possible applications making them a valuable tool for genetic-based therapeutics. While the first unmodified ASOs, which were composed of a phosphodiester (PO) backbone and sugar rings, were rapidly degraded within cells and the bloodstream, various modifications have progressively been introduced

in their chemical structure in order to protect them from nuclease activity and increase their stability and affinity to target RNA (Wickstrom 1986).

One of the first modifications introduced was the replacement of one of the non-bridging oxygen atoms in the phosphate group with a sulphur atom resulting in phosphorothioate (PS) ASO. This substitution increases the resistance to nuclease degradation and still supports ribonuclease H (RNase H) activity to degrade the target mRNA or mutant toxic mRNA. In addition to their endogenous nuclease resistance, PS modifications offer a significant advantage in terms of pharmacokinetics. Their enhanced affinity for numerous proteins, including plasma, cell surface and intracellular proteins (Crooke et al. 2017;[START_REF] Gaus | Characterization of the Interactions of Chemically-Modified Therapeutic Nucleic Acids with Plasma Proteins Using a Fluorescence Polarization Assay[END_REF] facilitates distribution and cellular uptake of PS-ASOs compared to their PO counterparts.

However, PS modifications are also known to cause undesirable effects due to plasma protein binding [START_REF] Iannitti | Phosphorothioate Oligonucleotides: Effectiveness and Toxicity[END_REF], raising questions for their safety in humans. Acute reactions of PS backbones may include immune-cell activation [START_REF] Senn | Non-CpG-Containing Antisense 2'-Methoxyethyl Oligonucleotides Activate a Proinflammatory Response Independent of Toll-like Receptor 9 or Myeloid Differentiation Factor 88[END_REF], complement activation [START_REF] Henry | Complement Activation Is Responsible for Acute Toxicities in Rhesus Monkeys Treated with a Phosphorothioate Oligodeoxynucleotide[END_REF] or prolongation of coagulation times [START_REF] Sheehan | Phosphorothioate Oligonucleotides Inhibit the Intrinsic Tenase Complex by an Allosteric Mechanism[END_REF], which are known to be transient and normalize when ASOs are cleared from the bloodstream. Despite these safety concerns, PS backbones remain one of the most largely used chemical modifications to protect ASOs from nuclease activity and increase their stability (Eckstein 2014).

To further improve nuclease resistance and RNA binding affinity, second-generation ASOs were developed with the introduction of a chemical modification in the 2′-position of the sugar moiety such as 2′O-methyl (2′OMe) and 2′O-methoxyethyl (2′MOE). Interestingly 2′modified ASOs were reported to reduce immune-stimulation side effects compared to PSmodified ASOs [START_REF] Henry | Chemically Modified Oligonucleotides Exhibit Decreased Immune Stimulation in Mice[END_REF]. This generation was the first one tested during clinical trial with the Drisapersen (a 2′OMe ASO tested to treat DMD patient) and the first one approved by the FDA with the Nusinersen (a 2′MOE ASO used to treat spinal muscular atrophy).

Chemical ASO modifications have kept evolving, with substantial changes in the sugar, and have led to a wide variety of designs such as phophodiamidate morpholino (PMO) or locked nucleic acids (LNA).

ASOs can interfere and modulate RNA function via multiple mechanisms that will impact their The variety of mechanisms through which ASO can act and the subsequent therapeutic applications truly represent unique opportunities for the treatment of many conditions.

Steady progress in chemistry and design over the years have led to several approved ASOs and numerous others currently being tested in clinical trials, in particular for DMD. In this section we will make an overview of the ASO chemistry tested to treat DMD and we will discuss the results obtained with them during pre-clinical and clinical studies. AO19) in the peripheral vein at 0.5 mg/kg four times at 1-week intervals [START_REF] Takeshima | Intravenous Infusion of an Antisense Oligonucleotide Results in Exon Skipping in Muscle Dystrophin MRNA of Duchenne Muscular Dystrophy[END_REF]). The treatment was well tolerated and resulted in traces of skipped transcript in biopsied biceps muscle. Nevertheless, the novel transcript did not allow the restoration of quantifiable dystrophin expression and no follow-up studies were ever conducted.

In parallel in Europe, a 20-mer 2′OMe-PS ASO targeting exon 51 was developed and shown to restore significant levels of dystrophin in mouse models of DMD [START_REF] Lu | Functional Amounts of Dystrophin Produced by Skipping the Mutated Exon in the Mdx Dystrophic Mouse[END_REF]. Based on these encouraging preclinical data, the Dutch group in collaboration with Prosensa evaluated the intramuscular injection of this ASO named drisapersen in four DMD patients eligible for exon 51 skipping [START_REF] Van Deutekom | Local Dystrophin Restoration with Antisense Oligonucleotide PRO051[END_REF]). The treatment was well tolerated and confirmed the proof of principle of the ASO-mediated exon-skipping approach for DMD since some dystrophin expression was detected, supporting the development of further clinical investigations.

Results of the phase I/IIa trial evaluating the systemic administration of drisapersen were published in 2011 [START_REF] Goemans | Systemic Administration of PRO051 in Duchenne's Muscular Dystrophy[END_REF]. While no serious adverse effects were reported, a total of 120 mild or moderate adverse events occurred, notably proteinuria and several types of reactions at the injection site. Tibialis anterior muscle biopsy samples were analyzed at 2 weeks and 7 weeks after the end of the dose-escalation phase. Exon 51 skipping was observed in all patients receiving 2, 4, or 6 mg/kg/week at both time points but with variable extent. Quantification of western blot shows that dystrophin signal intensity was 1.5-8.2 times greater than the baseline condition (taken from 0.5 mg/kg group of patients) in the groups receiving 4 and 6 mg/kg/week, 2 weeks after the end of the treatment. Following 12 weeks of treatment, no increase in specific muscle force was observed but there was average improvement of 35.2 ± 28.7 m in the 6MWT. Those 12 patients entered a long-term 188week extension study with subcutaneous injection of 6 mg/kg/week initially [START_REF] Goemans | Long-Term Efficacy, Safety, and Pharmacokinetics of Drisapersen in Duchenne Muscular Dystrophy: Results from an Open-Label Extension Study[END_REF]. Biopsies were taken from the tibialis anterior muscle at week 24 for all subjects and at either week 68 or week 72 for volunteering subjects. Although exon-skipping and dystrophin were detected at both time-points, no formal conclusion could be drawn on potential increase from baseline because no material from pre-treatment biopsies was available. At the end of the treatment, two patients were non-ambulant and two were unable to complete the 6MWT at later visits. Nevertheless, of the eight remaining subjects, the 6MWT appeared improved by a median increase of 64 m (mean = 33) and the cardiac function showed stability; however, on the other hand, muscle strength decreased during the study.

Interestingly though, despite the heterogeneity of subjects, some of them who were in a decline stage of the disease, maintained ambulation throughout the study.

Based on these relatively encouraging data, an open-label extension phase III study was launched with 186 ambulant subjects [START_REF] Goemans | A Randomized Placebo-Controlled Phase 3 Trial of an Antisense Oligonucleotide, Drisapersen, in Duchenne Muscular Dystrophy[END_REF]. Unfortunately, the slight difference observed in the 6MWT from baseline was found to be non-significant, which was thought to be largely due to subgroup heterogeneity. A post hoc analysis, performed on a subgroup of 80 subjects with a baseline 6MWT between 300 and 400 m, revealed a treatment benefit in 6MWT of 35.4 Contrary to the PS or PO links that have a negative charge on the sulfur or oxygen atoms, phosphorodiamidate is uncharged so PMO binds less serum proteins which caused the toxicity [START_REF] Moulton | Gene Knockdowns in Adult Animals: PPMOs and Vivo-Morpholinos[END_REF]. PMO is able to resist to nuclease degradation and bind to RNA sequence without RNase H activation [START_REF] Hudziak | Resistance of Morpholino Phosphorodiamidate Oligomers to Enzymatic Degradation[END_REF][START_REF] Summerton | Morpholino Antisense Oligomers: The Case for an RNase H-Independent Structural Type[END_REF]. PMO have been shown to be efficient to restore dystrophin production both in cell models, animal models and in human. The results obtained had conduced to the approval of four PMO ASO by the FDA (eteplirsen, golodirsen, viltolarsen and casimersen) (Table 4) and one is currently tested in clinic (NS-089/NCNP-02). 

Eteplirsen

Eteplirsen is the first PMO ASO tested in clinic for DMD. In 2005, a first phase I/II trial started to assess the safety and efficacy of the drug after intra-muscular injection (NCT00159250).

Seven DMD patients were treated and no adverse events related to therapy administration and local expression of dystrophin were found [START_REF] Kinali | Local Restoration of Dystrophin Expression with the Morpholino Oligomer AVI-4658 in Duchenne Muscular Dystrophy: A Single-Blind, Placebo-Controlled, Dose-Escalation, Proof-of-Concept Study[END_REF]). In 2009, Sarepta started a second trial phase I/II to test its safety and investigate the clinical effects after intravenous injection (NCT00844597). 19 patients of 5 to 15 years old were included in the study.

Eteplirsen was well tolerated as systemic treatment and dystrophin was restored in muscle of treated patients but with a high variability between individuals [START_REF] Cirak | Exon Skipping and Dystrophin Restoration in Patients with Duchenne Muscular Dystrophy after Systemic Phosphorodiamidate Morpholino Oligomer Treatment: An Open-Label, Phase 2, Dose-Escalation Study[END_REF]. In 2011, another phase II trial (NCT01396239) enrolled 12 boys with DMD, who received eteplirsen at 30 and 50 mg/kg once weekly for 48 weeks. Patients treated with a dose of 30 mg/kg showed 23% increase in dystrophin positive fiber number after 24 weeks of treatment and 52% after 48 weeks of treatment. Patients treated with the highest dose showed 43% increase in dystrophin positive fiber number after 48 weeks of treatment. These data showed that the duration of the treatment is more important than the dose [START_REF] Mendell | Eteplirsen for the Treatment of Duchenne Muscular Dystrophy[END_REF]. Moreover, at 36 months, all patients demonstrated a statistically significant advantage on 6MWT and experienced a lower incidence of loss of ambulation compare to untreated patients [START_REF] Mendell | Longitudinal Effect of Eteplirsen versus Historical Control on Ambulation in Duchenne Muscular Dystrophy[END_REF]. After 188 weeks of treatment dystrophin restoration level was measured by western blot and revealed an average level of 0.93% for treated patients, compared to 0.08% of untreated patients (Aartsma-Rus and Krieg 2017).

In September 2016, based on the phase II trials results, eteplirsen received accelerated approval by the FDA but the authorities requested further confirmation on the drug's clinical benefit. In 2018, after reviewing the data, EMA did not approve eteplirsen for the treatment of DMD.

To test the efficacy of the treatment, a phase III trial (NCT02255552) started in November 

2021).

Recently, data from 579 patients showed that eteplirsen increases the median survival age of patients, compared to the untreated one [START_REF] Iff | Survival in Eteplirsen-Treated vs Duchenne Muscular Dystrophy (DMD) Natural History Controls: An Indirect Treatment Comparison Using Real-World Data[END_REF], with a higher effect in young patients. Indeed, patients from 0 to 15 years old showed a 92.9% reduction in the risk of death (P<0.01); patients from 15-20 years old showed a 82.1% reduction (P<0.001); patients from 20 to 25 years showed a 47.4% reduction (P<0.05) and patients older than 28 years old did not show a statistically significant reduction of risk. Furthermore, recent studies suggest that long-term eteplirsen treatment delays loss of ambulation and pulmonary decline (Mitelman et al. 2022).

Currently a phase III trial (NCT03992430) is ongoing to test the safety and efficacy of 144 weeks of treatment with eteplirsen at doses 100 and 200mg/kg/week.

Golodirsen

Golodirsen (SRP-4053) is a PMO developed by Sarepta Therapeutics which is specific to exon 53. In 2019, the first results of the phase I/II trial (NCT02310906) were published. Patients that were weekly treated with golodirsen for 48 weeks had, in their muscles, more mRNA with exon 53 skipped (18.953% versus 2.590% for the control group) and more dystrophin produced with a restoration level of 1.019% versus 0.095% for the placebo group [START_REF] Frank | Increased Dystrophin Production with Golodirsen in Patients with Duchenne Muscular Dystrophy[END_REF]. Results obtained in the phase I/II trial (NCT02310906) long-term treatment group (3 years treatment) showed that golodirsen was safe [START_REF] Servais | Long-Term Safety and Efficacy Data of Golodirsen in Ambulatory Patients with Duchenne Muscular Dystrophy Amenable to Exon 53 Skipping: A First-in-Human, Multicenter, Two-Part, Open-Label, Phase 1/2 Trial[END_REF]. Moreover, patients treated with golodirsen during 3 years also showed significant beneficial effects for the 6MWT and loss of ambulation.

Based on the increase production of dystrophin found during the phase I/II trial and the safety of the compound (NCT0231096), the FDA granted an accelerated approval to golodirsen in 2019. However, they also asked for further trials to confirm the clinical benefit of the drug. Currently, two phase III studies (NCT02500381 NCT03532542) are recruiting DMD patients to evaluate the efficacy of golodirsen after 144 weeks of treatment.

Viltolarsen

In parallel with Sarepta Therapeutics, Nippon Shinyaku had developed a PMO to perform exon 53 skipping. This ASO named Viltolarsen target the same region in the exon 53 as golodirsen but is 21-mer long, whereas golodirsen is a 25-mer oligonucleotide (Aartsma-Rus and Corey 2020). During the phase I trial (NCT02081625) 10 patient have been treated with doses from 1.25 to 20 mg/kg/week for 12 weeks. During this study no specific toxicity was detected and a correlation between the doses injected and the proportion of corrected mRNA was found [START_REF] Komaki | Systemic Administration of the Antisense Oligonucleotide NS-065/NCNP-01 for Skipping of Exon 53 in Patients with Duchenne Muscular Dystrophy[END_REF].

In 2016, a phase I/II trial was conducted in Japan (Japic CTI-163291) to evaluate the safety and efficacy of 20, 40 and 80 mg/kg/week of viltolarsen. The weekly injections of 80 mg/kg of viltolarsen led to a higher increase of dystrophin protein production compared to the 40mg/kg/week. Patients treated with the highest dose went from 0.41% (baseline level) to 1.18% of dystrophin produced after 12 weeks of treatment and to 5.21% after 24 of treatment [START_REF] Komaki | Viltolarsen in Japanese Duchenne Muscular Dystrophy Patients: A Phase 1/2 Study[END_REF]). The same year, a phase II trial (NCT02740972) started in the USA to test the safety and efficacy of 40 and 80 mg/kg/week of viltolarsen for 24 weeks.

Results obtained in 16 patients showed that the drug was well tolerated but no difference was found in the dystrophin restoration level between the two doses; both restored 5.8% of normal dystrophin level production (Clemens et al. 2020). Furthermore, all treated participants showed significant improvement in muscle function with for example an improvement in the 6MWT after 25 weeks of treatment (compared to untreated patient) (Clemens et al. 2020). Patients who had participated to the American phase II study (NCT02740972) were enrolled in a long-term phase II study (NCT03167255) with an additional 192 weeks with the same dose of viltolarsen. Analysis performed after 109 weeks of treatment demonstrated significant benefit of the treatment with maintenance of the time needed to raise from the floor from supine position, whereas the control group experienced functional decline [START_REF] Clemens | Safety, Tolerability, and Efficacy of Viltolarsen in Boys With Duchenne Muscular Dystrophy Amenable to Exon 53 Skipping: A Phase 2 Randomized Clinical Trial[END_REF].

Based on the dystrophin restoration level obtained during the clinical trials and the safety of the compound, the FDA granted an accelerated approval to viltolarsen in August 2020, but asked NS Pharma to confirm the clinical benefit of the drug. Currently, a phase III trial (NCT04060199) is ongoing to evaluate the efficacy of viltolarsen, with an anticipated completion date of December 2024.

Casimersen

Casimersen is, like eteplirsen and golodirsen, a PMO developed by Sarepta Therapeutics but specific to the exon 45.

In 2015, a randomized placebo-controlled phase I study (NCT02530905) was started to assess the safety and efficacy of casimersen for 12 weeks in DMD patients. The results showed that casimersen was well tolerated (Wagner et al. 2021). In 2019 a phase II trial started to evaluate the efficacy of the drug, but for now only 3 patients have been included (NCT04179409).

Two phase III studies (NCT02500381 NCT03532542) are currently recruiting DMD patients to evaluate the efficacy of casimersen after 144 weeks of treatment. The preliminary results obtained with the first 43 patients treated for 48 weeks showed that casimersen used at 30 mg/kg/week is able to correct the open reading frame in the mRNA sequence and to increase dystrophin production (1.74% of normal level were restored with the treatment versus 0.93% without) [START_REF] Iannaccone | 132 Casimersen in Patients with Duchenne Muscular Dystrophy Amenable to Exon 45 Skipping: Interim Results from the Phase 3 ESSENCE Trial[END_REF]). Based on these data, FDA granted an accelerated approval to casimersen in 2021, but they also asked further trials to confirm the clinical benefit of the drug. The toxicological analyses performed after 140 weeks of treatment with doses of casimersen from 4 to 30mg/kg/week showed no specific toxicity of the treatment (Wagner et al. 2021).

NS-089/NCNP-02

In strong resistance to nucleases degradation and a high binding affinity to its complementary RNA target (Renneberg et al. 2002). Similar to the other ribose modification chemistry, TC-DNA may be combined with PS linkages to decrease its kidney elimination and increase its efficacy in vivo in mice [START_REF] Murray | TricycloDNA-Modified Oligo-2'-Deoxyribonucleotides Reduce Scavenger Receptor B1 MRNA in Hepatic and Extra-Hepatic Tissues--a Comparative Study of Oligonucleotide Length, Design and Chemistry[END_REF].

During the preliminary studies performed in mdx and mdx; utr -/-mice, my host laboratory showed that systemic delivery of TC-DNA PS ASO was able to skip the Dmd exon 23 in both skeletal muscles and heart (Goyenvalle et al. 2015). The exon skipping levels obtained in these organs were 5 to 6 fold higher than the ones obtained with 2′OMe and PMO ASOs.

Moreover, TC-DNA PS ASO was able to correct the open reading frame in the brain. It was the first time that an ASO was able to cross the blood brain barrier and significantly treat brain after systemic delivery. The RNA correction levels obtained with the TC-DNA PS ASO were enough to restore the production of Dp427 in all organs. It was concluded that, because of the muscle, heart and pulmonary functions improvements and the emotional/cognitive deficiency correction, the dystrophin produced was functional and that TC-DNA PS ASO may be a good candidate for drug development.

To confirm its capacity to become a new treatment for DMD, the safety profile of TC-DNA PS ASO was then evaluated (Relizani et al. 2017). After 12 weeks treatment with a dose of 200 mg/kg/week, no major toxicity was found. No acute pro-inflammatory response was detected; a normal level of both complement activation and pro-inflammatory cytokine were obtained in the serum of treated mice. The only toxicities found were typical of the PS ASO backbone accumulation in kidneys (Echevarría et al. 2019) with minimal glomerular changes and few cell necroses in proximal tubules.

PS links are known to induce toxicities because of complement cascade activation [START_REF] Iannitti | Phosphorothioate Oligonucleotides: Effectiveness and Toxicity[END_REF], immune cell activation [START_REF] Senn | Non-CpG-Containing Antisense 2'-Methoxyethyl Oligonucleotides Activate a Proinflammatory Response Independent of Toll-like Receptor 9 or Myeloid Differentiation Factor 88[END_REF], or prolongation of clotting times [START_REF] Sheehan | Phosphorothioate Oligonucleotides Inhibit the Intrinsic Tenase Complex by an Allosteric Mechanism[END_REF]. To decrease this toxicity, PS linkages should be replaced by PO ones. This change will not modify the nuclease resistance capacity of the TC-DNA ASO or its affinity to its RNA target sequence. Unfortunately, the biodistrbution and the efficacy of TC-DNA ASO in the target tissue is decreased with the substitution (Echevarría et al. 2019). To improve the biodistribution and the efficacy of the TC-DNA PO ASO, a second generation was developped. This generation is composed of a full PO TC-DNA ASO conjugated to a palmitic acid (palm) group on its 5' end. The conjugation of palm to TC-DNA aims at compensating the absence of PS links and facilitate the delivery of the ASO from the bloodstream to the interstitium of the skeletal and cardiac muscles (Relizani et al. 2022). The systemic injection of Palm-TC-DNA PO ASO in mdx mice showed similar or higher efficacy than previous TC-DNA PS ASO, but without the PS specific toxicity.

Palm-conjugated TC-DNA with a full PO backbone therefore present a more favorable riskbenefit balance than the previous compounds with a proved effective with a particularly encouraging safety profile. These properties offer new perspectives for the clinical development of TC-DNA ASO for neuromuscular diseases.

A phase I/IIa trial will start in 2023 to evaluate the safety and efficacy of intravenous injection of SQY51 (EU CT 2022-500703-49-01). SQY51 is a palm-TC-DNA ASO targeting the exon 51 of the DMD gene. This study will enroll pediatric and adult patients divided in 2 groups: one group of patients will have a multiple-ascending dose to test the safety and tolerability of the drug after 13 weeks of treatment and the other will be included in the phase II trial to be treated during 32 weeks with the optimal dose.

The palm-TC-DNA-PO ASO is the chemistry of ASO I used during my thesis with the objective to improve even further their potency for the treatment of DMD. However, almost no dystrophin was found in the muscle biopsie by western-blot (0.27% was measured, which was below the level of quantification: 1%). During this study, no serious adverse events, no trends in labs, and no oligonucleotide class-related safety events were found which tends to validate the safety of the compound. Furthermore, plasma concentrations and other pharmacokinetic parameters following a single dose of 10 mg/kg have demonstrated an ASO half-life of 25 days, which may support monthly dosing (and not a weekly one like during the trial).

Peptide conjugated-PMO

PMO, which are uncharged and therefore unable to efficiently bind serum proteins (causing their rapid elimination in the urine) [START_REF] Alter | Systemic Delivery of Morpholino Oligonucleotide Restores Dystrophin Expression Bodywide and Improves Dystrophic Pathology[END_REF]. In order to improve their biodistribution, peptides conjugated-PMO (PPMO) have been engineered. There is currently two PPMO ASO tested in clinic: Vesleteplirsen (developed by Sarepta Therapeutics) and PGN-EDO051 (developed by Pepgen).

Vesleteplirsen (SRP-5051)

Vesleteplirsen is a PPMO developed by Sarepta Therapeutics to skip the exon 51 of DMD gene. In fact, vesleteplirsen is the eteplirsen PMO conjugated to an arginine-rich cellpenetrating peptides (CPP) [START_REF] Sheikh | Pharmacology and Toxicology of Eteplirsen and SRP-5051 for DMD Exon 51 Skipping: An Update[END_REF].

In mdx mice, systemic injection of PMO combined to arginine rich CPP led to sustained expression of the dystrophin protein in whole-body muscles, including cardiac muscle, without detectable toxicity [START_REF] Jearawiriyapaisarn | Sustained Dystrophin Expression Induced by Peptide-Conjugated Morpholino Oligomers in the Muscles of Mdx Mice[END_REF]. In healthy cynomolgus monkey, weekly intravenous injection of these PPMO during 4 weeks induced an average of 40%, 25%, and 2% exon-skipped product in diaphragm, quadriceps, and heart respectively. These data were promising for the dystrophin correction in muscle but dose dependent toxicity was detected with mild tubular degeneration in the kidneys of monkeys [START_REF] Moulton | Morpholinos and Their Peptide Conjugates: Therapeutic Promise and Challenge for Duchenne Muscular Dystrophy[END_REF]. To avoid its toxicity, new peptides have been tested with less arginin residues and lowest doses of ASO have been tested [START_REF] Tsoumpra | Peptide-Conjugate Antisense Based Splice-Correction for Duchenne Muscular Dystrophy and Other Neuromuscular Diseases[END_REF].

In 2018 a phase I trial (NCT03375255) was initiated to evaluate the safety of the drug. 15

patients received a single injection of vesleteplirsen and no specific side effect was found.

Based on these results, patients were enrolled in a phase I/II trial (NCT03675126) to evaluate the safety of multiple injections of the drug. In December 2020, Sarepta announced that once-monthly dosing of vesleteplirsen during 12 weeks produced more exon-skipping (1.6fold increase) and dystrophin restoration (5-fold increase) than 24 weeks of treatment with 30 mg/kg/week of eteplirsen (Sarepta Therapeutics 2020). A phase II trial NCT04004065 has started to assess the efficacy and the safety of a long period (2 years) of treatment. The first results obtained in the phase II trial showed 10.79% of corrected mRNA and 6.55% of restored dystrophin production in muscle biopsies of patients treated 12 weeks with vesleteplirsen at 30 mg/kg/month (Sarepta Therapeutics 2021C). However, treatment with vesleteplirsen was associated with a major side effect, hypomagnesemia, which was resolved with magnesium supplementation [START_REF] Sheikh | Pharmacology and Toxicology of Eteplirsen and SRP-5051 for DMD Exon 51 Skipping: An Update[END_REF].

In June 2022 Sarepta Therapeutics announced that the FDA has placed a clinical hold on vesleteplirsen because of this serious adverse event of hypomagnesemia which occurred during the phase II trial (Sarepta Therapeutics 2022A). In September 2022, the FDA lifted the clinical hold after Sarepta Therapeutics changed the protocol to include expanded monitoring of urine biomarkers (Sarepta Therapeutics 2022B).

PGN-EDO51

Another PPMO developed for the treatment of DMD combined PMO with Pip (peptide nucleic acid / PMO internalization peptides). Different Pips have been developed with time but all derived from the R6-penetratin peptide: a derivative of penetratin peptide in which six arginine residues were added to the N-terminus of the CPP. Many pip tested in vivo in mdx mice are able to increase the exon skipping level mediated by PMO [START_REF] Betts | Pip6-PMO, A New Generation of Peptide-Oligonucleotide Conjugates With Improved Cardiac Exon Skipping Activity for DMD Treatment[END_REF][START_REF] Ivanova | Improved Cell-Penetrating Peptide-PNA Conjugates for Splicing Redirection in HeLa Cells and Exon Skipping in Mdx Mouse Muscle[END_REF][START_REF] Yin | Pip5 Transduction Peptides Direct High Efficiency Oligonucleotide-Mediated Dystrophin Exon Skipping in Heart and Phenotypic Correction in Mdx Mice[END_REF]. In mdx mice, the Pip6 series combined to a PMO was able to restore 28% of dystrophin in heart (measured by western-blot after 5 weeks of treatment) which prevented the onset of exercised-induced dilated cardiomyopathy and maintained cardiac function [START_REF] Betts | Prevention of Exercised Induced Cardiomyopathy Following Pip-PMO Treatment in Dystrophic Mdx Mice[END_REF]. Moreover, in a spinal muscular atrophy mouse model, systemic injections of Pip6-PMOs were not only able to treat skeletal muscles and heart but also the brain which is very promising for DMD patients (Hammond et al. 2016).

Unfortunately, nephrotoxicity was observed with Pip6-PMO. New pips which are less toxic have been developed [START_REF] Gait | Cell-Penetrating Peptide Conjugates of Steric Blocking Oligonucleotides as Therapeutics for Neuromuscular Diseases from a Historical Perspective to Current Prospects of Treatment[END_REF]) and the pharmaceutical company Pepgen was created to continue the development of PPMO drug candidate using this technology. Patients in the placebo group will be included in the long-term extension study at the end of the 24-week study. In this study, patients will be injected 30 times with the ASO over 120 weeks (1 injection every 4 weeks).

No clinical data are available yet. No data for this clinical trial are available yet.

In conclusion, exon skipping therapy mediated by ASO has made a lot of progress since 2006

(years of the publication of its first clinical data results). Some of them failed to restore sufficient levels of dystrophin in DMD patients, some were approved as medicine in USA and Japan but not in Europe because of their limited efficacy and others are currently tested in clinic. A summary of the on-going trials is provided below in Table 5. 

AAV-U7SNRNA

ASO are not the only technology that has been developed to achieve exon skipping in DMD;

another one is based on the use of the AAV-U7snRNA system. U7snRNA is a single strand RNA molecule composed of a complementary sequence to the histone pre-mRNA, a binding site for Sm protein and a hairpin structure at the 3' end. The combination of U7snRNA and seven Sm proteins forms a ribonucleoprotein particle (U7 snRNP) that is involved in the processing of the 3' end of histone pre-mRNAs. The modification of the complementary sequence to the histone pre-mRNA by an appropriate antisense sequences changed its function to an effecter of alternative splicing of pre-messager RNA [START_REF] Gorman | Stable Alteration of Pre-MRNA Splicing Patterns by Modified U7 Small Nuclear RNAs[END_REF]). In the 2000s, this approach was shown to correct the mRNA of both human and mouse DMD cells [START_REF] Brun | U7 SnRNAs Induce Correction of Mutated Dystrophin Pre-MRNA by Exon Skipping[END_REF][START_REF] Angelis | Chimeric SnRNA Molecules Carrying Antisense Sequences against the Splice Junctions of Exon 51 of the Dystrophin Pre-MRNA Induce Exon Skipping and Restoration of a Dystrophin Synthesis in Delta 48-50 DMD Cells[END_REF].

In order to let U7snRNA diffuse efficiently from the blood to the muscles, AAV vectors have then be used [START_REF] Goyenvalle | Rescue of Dystrophic Muscle through U7 SnRNA-Mediated Exon Skipping[END_REF]). Both intramuscular and systemic administration of AAV-U7snRNA in mice resulted in dystrophin expression and correction of muscle physiologic defects [START_REF] Simmons | Pre-Clinical Dose-Escalation Studies Establish a Therapeutic Range for U7snRNA-Mediated DMD Exon 2 Skipping[END_REF]. A study performed in nonhuman primates showed no significant toxicity [START_REF] Gushchina | Lack of Toxicity in Nonhuman Primates Receiving Clinically Relevant Doses of an AAV9.U7snRNA Vector Designed to Induce DMD Exon 2 Skipping[END_REF]. A phase I/II clinical trial (NCT04240314) was thus performed to study the safety and the efficacy of this therapy in DMD patients with exon 2 duplication which is the more commun duplication found in DMD patient (Figure 3B). In contrast with approaches aiming at skipping exon 51 as described just before, this U7snRNA targeting the duplication of exon 2 aims to restore a complete (with all exon included) and therefore a fully functional dystrophin. Muscle biopsy perfomed 3 months after the injection of 3E13 vg/kg of AAV-U7snRNA showed, in the first two injected patients, a reexpression of 

1-Limit the renal elimination of ASO

It has previously been demonstrated that the major proportion of ASO are eliminated in the urine (Hammond et al. 2021). To improve ASO bioavailability, we have, in the first study, tried to reduce its urinary elimination with probenecid. Probenecid is a pan organic anion transporter (OAT) inhibitor that has previously been used to improve the efficacy of different drugs like anti-cancer or antibiotics. Since TC-DNA ASOs are negatively charged, we hypothesized that their elimination is mediated by the OAT channel. To confirm the colocalization between the ASO and the OAT channel, histological stainings were performed on kidney sections of mice treated with TC-DNA ASO. Furthermore, to validate our hypothesis, mice were co-treated with both probenecid and TC-DNA ASO. Urine were collected and ASO quantity eliminated in the first 24h was measured. To investigate the therapeutic benefit of the bi-therapy, tissues were harvested at different time points (24h post 1 co-injection and 2

weeks post 4 weeks of treatment) and TC-DNA biodistribution and efficacy were measured.

2-Improve endosomal escape

It has previously been shown that ASO enter in cells by endocytosis. To achieve exon skipping, they must leave the endosomes in order to enter the cell nucleus where the premessenger RNA is located. Unfortunately, only a small part of them succeeds, while the majority is eliminated by the cell. Consequently, to increase the proportion of ASO ultimately reaching the the nucleus, we used an endosomal escape promoter called UNC7938. To maximize its efficacy, UNC7938 was injected in mice 24h after the TC-DNA so that ASO had time to diffuse in the target organs and penetrate the endosomes. To examine whether this combination improves the ASO therapy, 3 studies were performed. In the first one, we measured exon skipping and protein restoration levels 2 weeks after a 4-week treatment to investigate the potential therapeutic of the combination. In the second one, we tried to understand the kinetics of UNC7938 effects on the ASO biodistribution and efficacy and in the last one, we studied the long term efficacy of the treatment.

3-Increase the amount of target mRNA

The last therapeutic combination we tested aimed at increasing the quantity of DMD pre- A brief communication is currently in preparation with the data presented in the result section focusing on the limitation of ASO renal elimination:

Bizot F, Tensorer T, Garcia L, and Goyenvalle A. "Inhibition of organic anion transporter to improve antisense mediated exon-skipping efficacy for DMD".
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RESULTS

LIMIT THE RENAL ELIMINATION OF ASO Context:

To improve ASO bioavailability, we aimed reduce the rapid elimination of ASO through urine and for that purpose, we used probenecid. Probenecid is a pan OAT inhibitor previously used to improve the efficacy of different drugs like anti-cancer or antibiotic.

Methods:

Mdx mice were co-treated with TC-DNA ASO (intravenous, 30mg/kg) and probenecid (intraperitoneal, 50mg/kg) just after the injection of ASO.

The biodistribution of ASO was measured in urine and target organs 24h after 1 co injection.

A kinetic was also performed with quantification of ASO content in plasma during the first 48h.

A midterm study (4 weeks of treatment) was then performed to ensure the biodistribution effects of probenecid and to investigate the consequence of the bi-therapy on exon skipping and protein restoration levels.

Main Results

The colocalization between the TC-DNA ASO and OAT in the proximal convoluted tubules was confirmed by immunostaining. The biodistribution of the ASO was not significantly impacted by probenecid. The only tendency found was a small increase in the TC-DNA halflife in blood and a higher accumulation of the ASO in the Bowman's capsule of the kidney.

Probenecid did not impact exon skipping and protein restoration levels after 4 weeks of treatment.

Conclusion:

Treatment with probenecid failed to improve TC-DNA efficacy in the mdx mouse model.

INTRODUCTION

Antisense Oligonucleotides (ASOs)-based therapeutics is one of the main strategies in development for the treatment of a variety of diseases. This approach has already led to new drugs approved by the US FDA and many more are currently tested in preclinical or clinical trials 1 . Systemically delivered ASOs mostly distribute to liver, kidney and spleen, while other tissues of interest such as skeletal and cardiac muscles remain challenging targets 2 . This distribution is one of the main limitations of ASO to treat Duchenne muscular dystrophy (DMD). Indeed, even the ASO that have been approved by the US FDA for the treatment of DMD and that are currently used in clinic, induce only a few percent of dystrophin restoration in patients biopsies 3 .

To increase the effect of the treatment, new generations of ASO have been developed with various conjugates or alternative chemistry, such as the tricyclo-DNA (TC-DNA) oligonucleotide. TC-DNA ASOs present many advantages amongst which a particularly interesting distribution to cardiac muscle and central nervous system (CNS) after systemic administration in mouse models of DMD 4,5 . Moreover, recent development had led to a second generation of TC-DNA conjugates that does not contain phosphorothioate linkages and which therefore present a much better therapeutic index 6 . Despite these promising developments, a large proportion of injected ASO does not reach the target tissues and ends up eliminated in the urine.

Rapid elimination in the urine is indeed one of the main reasons underlying the limited efficacy of current ASO chemistries. For example, the phosphorodiamidate morpholino oligomer (PMO) chemistry which has been approved by the FDA for the treatment of DMD is very largely excreted in the urine following administration, with approximately 65%, 60%, and 93% found in the first 24 hours urine for eteplirsen, golodirsen, and vitolarsen respectively 7 . This elimination mainly occurs during the four hours following the intravenous injection 7,8 . The main cause of this fast renal clearance is the uncharged chemistry of PMO which makes it difficult to bind to proteins in the circulation 9 . To increase the blood protein binding and the bioavailability of ASO drugs, charged chemistries have been used. However, even if their relative charges help them to bind blood proteins, their urinary elimination remains high with almost 33% of injected 2'-methoxy-ethyl (MOE) ASOs found in the urines (over 24h) following a single 10 mg/kg intravenous infusion performed on cynomolgus monkeys 10 . In order to reduce the fraction eliminated in the urine and to increase the blood half-life of ASOs, they have been linked to various conjugates such as fatty acids 11,12 . Despite these improvements, a high proportion of ASOs are still quickly eliminated in the urine. The objective of this study is to improve ASO bioavailability and efficacy by blocking their rapid renal clearance.

Since the TC-DNA ASOs that we use are positively charged, we hypothesize that their elimination was mediated by the organic anion transporters (OAT). OATs are localized in the physiological barriers of multiple tissues, such as kidney, liver, brain, placenta, retina, and olfactory mucosa and are critical for physiological and pathological processes in the body 13 .

They also play a major role in absorption, distribution, metabolism, and elimination of clinical therapeutics, thus affecting the pharmacokinetics and pharmacodynamics of the drug profile 13 .

To test our hypothesis, we selected the OAT chemical inhibitor probenecid. Probenecid is a drug approved for the treatment of gout (commercial name: Santuril®) which inhibits the OAT, the organic anion transporting polypeptides (OATP) and the multidrug resistance proteins (MRP) 14 . The effects of probenecid on kidney transporters have previously been used

to monitor the urine elimination and improve the efficacy of different treatments like αdifluoromethylornithine (an anti-cancer) 15 , flucloxacillin (an anti-viral) 16 and β-lactam antibiotics 17 . Therefore, we investigated in this study whether inhibition of OAT with probenecid could decrease TC-DNA ASO elimination in the urine and increase its biodistribution and efficacy in the other organs.

RESULTS

General distribution of TC-DNA ASO in mdx mice

We first studied the overall distribution of the tricyclo-DNA oligonucleotides (TC-DNA ASOs) in mdx mice. Adult mdx mice were treated weekly with TC-DNA ASO (50mg/kg/wk) during 4 weeks and sacrificed 2 weeks after the last injection. ASOs were quantified in both target organs (muscles) and off target ones (kidney, liver and spleen) and we found that TC-DNA accumulate more in the kidney than in other organs (fold change of ~100 compared to the muscle) as previously shown for other chemistries (Figure 1A). To estimate how much ASO was eliminated in the urine directly after injection, we collected the urines in the first 40h after the first administration of 50mg/kg of TC-DNA (corresponding to a total amount of 1250µg for a mouse of 25 g). Quantification of the TC-DNA ASOs in the urine revealed that approximately 20% of the injected amount was eliminated in the first 40h after injection (Figure 1B). The ASO localization in the kidney was next assessed on tissue sections using a fluorescent probe (Cy3-DNA) complementary to the ASO (Figure 1C). ASO were found localized in the cortex of the kidney, especially in the proximal convoluted tubules and not in the other area (glomerulus, distal convoluted tubules or in the medulla). The proximal convoluted tube is, in the kidney, the second area involved in the transfer of molecules from the blood to the urine (after the glomerulus). Because of all its transporters, this tube is where the vast majority of all charged molecules are eliminated by the kidney 18 .

One of the main transporter family involved in the transition from blood to urine of anionic molecules are the organic anion transporters (OAT). A co-staining with an antibody anti-OAT1 and the ASO probe was performed in the kidney to investigate the colocalization of both which would support the hypothesis that OATs are involved in the elimination process of TC-DNA ASO (Figure 1D). This staining indicated that OAT are indeed localized only in the proximal convoluted tubules and confirmed the colocalization with TC-DNA.

These results confirmed that TC-DNA elimination in the kidney is likely mediated by OATs and we therefore evaluated the impact of the OAT inhibitor probenecid on the efficacy of ASO treatment.

Impact of short term treatment with probenecid on TC-DNA ASO biodistribution

To investigate the effect of OAT inhibition on TC-DNA ASO biodistribution a short study was performed in mdx mice. Mice were treated with intravenous injections of TC-DNA ASO at 50mg/kg followed by an intraperitoneal injection of probenecid at 50mg/kg. Blood was collected at different time points from 30 min to 48h post injection and ASO were quantified (Figure 2A). The pharmacokinetic analysis revealed a slightly higher half-life of TC-DNA in the circulation when probenecid was co-administered (5.8h) compared with TC-DNA treatment alone (4.9h) although this difference did not reach statistical significance. To confirm this data and to ensure it was caused by lower kidney elimination, ASO were 106 quantified in the urines of injected mice collected in the first 40h post injection. Surprisingly, we found slightly more TC-DNA ASO in the urine of animals co-treated with probenecid compared treatment with ASO only (485 versus 323µg, P value=0.4000) (Figure 2B). 3B). This suggests that inhibiting the OAT with probenecid may have relocated the ASO within the kidney.

To assess the potential effect of probenecid on ASO efficacy, we quantified the exon skipping level in muscles from both groups of mice (Figure 3C) and found no significant difference between the 2 treatments (Global P value= 0.1789). 

DISCUSSION

In this study, we aimed to improve the bioavailability and biodistribution of TC-DNA ASO in order to enhance the overall exon-skipping efficacy. We first determined that approximately 20% of the injected TC-DNA ASO was eliminated in the first 24h after administration and we characterized the accumulation of TC-DNA ASO in kidneys.

After 4 weeks treatment with TC-DNA ASO, kidneys from injected mdx mice were collected and sectioned to determine the ASO localization. The detection of the TC-DNA ASOs with a fluorescent and complementary probe showed that ASOs were localized in the proximal convoluted tubules. This localization was expected because TC-DNA ASO are negatively charged at physiological pH and most of the anions elimination in the kidney occurred by tubular secretion 19 . This is also in line with previous studies showing that charged ASO (such as locked nucleic acid) also accumulate in the proximal convoluted tubules 20 . To make the transition from blood to kidney, most of anion molecules go through the organic anion transporters (OAT) localized at the basolateral membrane of renal epithelial cells (the membrane in contact with the blood) 19 . In this study, we showed that TC-DNA ASOs are colocalized with the OAT channel (OAT1). This preliminary result confirms that the elimination of TC-DNA ASO in the kidney may indeed be mediated by OAT.

We hypothesized here that blocking the early renal elimination of ASO may improve the bioavailability and biodistribution of TC-DNA ASO and ultimately help them reach their target tissue. We therefore treated mdx mice with a combination of TC-DNA ASO and probenecid, a competitive inhibitor of all OAT. The analysis of ASO biodistribution at both early time points (24h post 1 injection) and later time points (2 weeks post 4 injections)

showed no effect of probenecid on TC-DNA accumulation in tissues. Similarly, no differences were detected by qPCR when measuring exon skipping levels in muscles from mice treated with ASO or ASO + probenecid. Both distribution and efficacy data indicate that probenecid does not improve TC-DNA ASO potency.

The only difference reported between the 2 treatments is a change in the localization of TC-DNA in the kidney of mice co-treated with probenecid for 4 weeks. We indeed found more ASO accumulated in the Bowman's capsules. This area is for anion molecule involved in almost 10% of the kidney elimination process 19 . An increasing level of TC-DNA ASO in the Bowman's capsules may be a compensation process resulting from the OAT inhibition. This finding suggests that failure to improve ASO therapy by blocking OAT might be caused by the activation of other processes involved in renal elimination (normal one or toxic one).

Overall, this study suggests that blocking OAT in order to decrease rapid ASO elimination through the kidney does not allow a better bioavailability of ASO nor higher exon skipping efficacy.

MATERIAL AND METHODS

Antisense oligonucleotides and animal experiments

Animal procedures were performed in accordance with national and European legislation, approved by the French government (ministère de l'enseignement supérieur et de la recherche, autorisation APAFiS #6518). Mdx (C57BL/10ScSc-Dmdmdx/J) mice were bred in our animal facility at the Plateforme 2Care, UFR des Sciences de la santé, université de Versailles Saint Quentin and were maintained in a standard 12-hour light/dark cycle with free access to food and water. Mice were weaned at weeks 4-5 postnatal and 2-5 individuals were housed per cage.

TC-DNA ASO targeting the donor splice site of exon 23 of the mouse dystrophin pre-mRNA 5 was synthesized by SQY Therapeutics (Montigny le Bretonneux, France). Palmitic acid was conjugated at the 5'end of TC-DNA-PO via a C6-amino linker and a phosphorothioate bond as previously described 6 . Mice were treated with ASO (one intravenous injection per week at 50mg/kg/wk under general anesthesia using 2% isoflurane). The inhibitor of organic anion transporter: probenecid (Bio-Techne reference: 4107) was dissolved in phosphate-buffered saline (PBS). Mdx mice were treated intraperitoneally with probenecid at 50mg/kg/week just after the ASO injection. Age-matched mdx groups receiving an equivalent volume of sterile saline were included as controls and C57BL/10 mice were included as wild-type controls.

Animals were euthanized 24h after the first co-injection or 2 weeks after the end of the protocol of 4 weeks treatment and muscles and tissues were harvested and snap-frozen in liquid nitrogen-cooled isopentane and stored at -80 °C before further analysis. Kidney were sampled at the end of the protocols, fixed in 10% neutral buffered formalin, and embedded in paraffin wax for histological staining.

ASO quantification by fluorescent hybridization assay

Tissues were homogenized using the Precellys 24 (Bertin Instruments, France) in lysis buffer (100 mmol/l Tris-HCl, pH 8.5, 200 mmol/l NaCl, 5 mmol/l EDTA, 0.2% sodium dodecyl sulfate) containing 2 mg/ml of proteinase K (Invitrogen) (50mg tissue/ ml of buffer), followed by incubation overnight at 55 °C in a hybridization oven. After centrifugation at 7000 g (Sorval ST 8R centrifuge, 75005719 rotor) for 15 min, the supernatant was used in the assay.

Quantification of ASO was performed using a hybridization assay with a molecular beacon probe, as previously described 21 . Briefly, 10 µl of tissue lysates, serum or urine were incubated with a 5' Cy3-DNA complementary probe conjugated with HBQ quencher at 3' in black non-binding 96-well plates (Fischer Scientific). PBS was added to a final volume of 100 µl per well and fluorescence was measured on a spectrophotometer (Ex 544 nm/ Em 590 nm using FluoStar Omega). The amount of TC-DNA ASO in tissues was determined using a standard curve build on the measurement of known TC-DNA ASO quantities dissolved in the respective tissue lysates/urine/serum of mock-injected animals.

RNA analysis

Total RNA was isolated from snap-frozen muscle tissues using TRIzol reagent according to the manufacturer's instructions (ThermoFisher Scientific, USA). Exon 23 skipping levels were quantified using real-time quantitative PCR using Taqman assays designed against the exon 23-24 junction and exon 22-24 junction as previously described 6 . 70 ng of cDNA was used as input per reaction and all assays were carried out in triplicate. Assays were performed under fast cycling conditions on a Biorad CFX384 Touch Real-Time PCR Detection System, and all data were analyzed using the absolute copy number method. For a given sample the copy number of skipped product (exon 22-24 assay) and unskipped product (exon 23-24 assay)

were determined using the standards Ex20-26 and Ex20-26Delta23 respectively (gBlocks gene fragments from Integrated DNA technology). Exon 23 skipping was then expressed as a percentage of total dystrophin (calculated by the addition of exon 22-23 and exon 22-24 copy numbers).

Immunohistochemistry analysis

Kidney section of 7 µm were de-waxed with 3 xylen baths of 5 min and 3 ethanol 100% baths of 3 min and 1 water acid bath of 1 min. slide were rehydrated in PBS during 10 min at room temperature (RT) before saturation in goat serum 5% during 1h at RT. Primary antibody:

rabbit polyclonal antibody OAT1 (dilution 1:500, Abcam ab131087) is incubated 2h at RT.

After wash in PBS, secondary antibody (goat anti rabbit cy5: abcam ab6564, dilution 1:500)

is incubate 1h at RT. Slide were washed in PSB and incubated with ASO probe coupled with alexafluor 594 (dilution 1:2500 in PBS, 30 min at RT). After PSB wash, DAPI staining is performed followed by another wash and mounting (Fluoromount ®).Controls prepared by omitting primary antibody showed no specific staining. Images were taken at equivalent locations and exposure times using a Leica white light laser TCS SP8-X (Leica Microsystem, Wetzlar, Germany).

The protocol for ASO staining alone in the kidney is the same as for the co-staining labeling:

de-wax, rehydratation, incubation with prob, wash, incubation with DAPI, wash and mounting. Kidneys were scan with a Zeiss Axio Imager with an Orkan camera (Hamamatsu)

and AxioVision software.

Statistical analysis

All in vivo data were analysed with the GraphPad Prism8 software (San Diego, California, USA) and expressed as means ± S.E.M. The "n" refers to the number of mice per group.

Group comparisons were performed using one and two-way analyses of variance (ANOVA)

with repeated-measure comparisons when needed (effects in different muscle tissues for example), followed by post-hoc Dunnett's or Sidak's multiple comparisons when appropriate.

The Kruskal-Wallis test was used to compare groups that do not follow a normal distribution

(assessed with the Shapiro-Wilk test). Significant levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001.

IMPROVE ENDOSOMAL ESCAPE Context:

One of the main challenges of ASO-mediated exon skipping is the delivery of ASOs to the nucleus of the target. To increase the biodistribution of the ASO, my lab has developped a second generation of ASO: the palm-TC-DNA. Despite the improved properties of this chemistry, the amount of ASO ultimately reaching the nucleus is still limited. This is caused by the entrapment of ASO in the endosomal compartment of the cells and their degradation before they can reach the nucleus (the target compartment for splice switching ASO). To improve the intracellular transport of ASOs in the target cells and the level o ASOs reaching the nucleus, we used an endosomal escape promoter called UNC7938. UNC7938 is a 3deazapteridine analog developped at the university of North Carolina (Yang et al. 2015) which destabilizes the membrane of late endosomes by binding to lysobisphosphatidic acid [START_REF] Allen | Cytosolic Delivery of Macromolecules in Live Human Cells Using the Combined Endosomal Escape Activities of a Small Molecule and Cell Penetrating Peptides[END_REF]Juliano 2021).

Methods:

Mdx mice were co-treated with TC-DNA ASO (intravenous, 30mg/kg/week) and UNC7938

(intravenous, 15mg/kg/week) which was injected 24 hours after the ASO treatment.

After 4 weeks of treatment mice were sacrificed at different time points (from 72h to 6 weeks)

and tissues were collected to analyze the effects of UNC7938 on distribution and efficacy of the ASOs.

A long term study of 12 weeks was then performed to confirm the effects of UNC7938 on ASO efficacy. One week after the last injection echocardiography was performed to investigate the potential therapeutic benefit of the co-treatment on cardiac function.

Main Results

UNC7938, combined to TC-DNA ASO, was able to increase the exon skipping efficacy with particular strong effects few days after the end of the treatment. The protein level in the diaphragm and heart was particularly improved, with an increase of 31% and 58%

118 respectively after 12 weeks of treatment compared to treatment with TC-DNA alone. In addition, the combined therapy was able to normalize the cardiac function after 12 weeks of treatment.

Conclusion:

By promoting endosomal escape, UNC7938 is able to improve the efficacy of ASO therapy.

However, these effects were particularly strong at early time points after injection and tended to fade over time, highlighting the importance of the "depot effect" resulting from the otherwise slow release of ASO from endosomes.

Moreover, additional studies should be performed to investigate further the toxicity profile of this therapy and to assess the feasibility of a simultaneous injection of the two molecules.

Introduction

Duchenne muscular dystrophy (DMD) is the most common muscular dystrophy in the paediatric population. It is caused by various pathogenic mutations in the DMD gene, which mostly disrupt the open reading frame and thus lead to an absence of functional dystrophin protein. The exon-skipping approach has been developed to restore the reading frame of the gene and is based on the use of antisense oligonucleotides (ASO). ASOs aim to eliminate one or several exons by masking key splicing sites and therefore induce the expression of an internally deleted but functional dystrophin protein. Several ASO-based drugs have already been approved by the US FDA for the treatment of DMD (eteplirsen, golodirsen, viltolarsen and casimersen targeting exons 51, 53 and 45) [1]. Approval was mostly based on safety, and a small percentage of dystrophin restoration was observed in muscle biopsies of treated patients. However, the clinical benefit is still marginal, and there is a critical need to improve the level of dystrophin being restored in DMD patients.

One of the most recognized challenges of ASO-mediated exon skipping is the delivery of ASOs to the nucleus of the target tissues [2,3]. To achieve this goal, second generations of ASO have been developed with alternative chemistries or various conjugates [4,5]. Amongst these, we have been working with one particular chemical substance named tricyclo-DNA (tcDNA), and we recently demonstrated that conjugation of palmitic acid to tcDNA significantly enhances its delivery to target tissues [6]. Despite these improvements, the quantity of ASO ending up in the nucleus to bind their pre-mRNA target remains extremely low. Indeed, even when ASOs reach the correct target tissues/cells, most of them end up trapped in the endosomal compartment and are degraded in the lysosomes before they can enter the cytoplasm and the nucleus (e.g., the ultimate target compartment) [2]. Previous studies have focused on ASO cellular trafficking to better characterize the mechanisms and improve the intracytoplasmic delivery of ASOs [3,7]. A number of studies have aimed at influencing ASO pharmacological effect by manipulating components of the endosomal machinery, specifically by targeting proteins involved in endomembrane trafficking, such as GCC2, M6PR, or COPII Golgi coat proteins [8][9][10].

Overall, these studies confirmed that components of the endosomal trafficking machinery are intimately involved in the subcellular fate and thus the pharmacological effectiveness of ASOs [11].

Several strategies have been considered to allow ASOs to cross the biological barriers and cell membranes. Among them, the conjugation of ASO to a cell penetration peptide (CPP) has been widely used. CPPs are relatively short peptides, from four to forty amino acids, which can induce endocytosis or promote the intracellular effects of ASO [12]. Given that CPPs are charged molecules, they are often conjugated with charge neutral ASOs, such as phosphorodiamidate morpholino oligomers (PMO) [13], and cannot be used with charged ASO like tcDNA. Other approaches based on the use of nanotechnology have been extensively studied, from DNA nanostructures to exosome-like nanocarriers to spherical nucleic acids or lipid nanoparticles (LNPs), all described in recent reviews [5,13,14]. An alternative option is to use small molecules named oligonucleotide enhancing compounds (OEC), which were discovered through high throughput screening and which selectively release oligonucleotides from non-productive entrapment in endosomal compartments [15][16][17]. Because they are not directly linked to the ASO, OECs may be used with all types of ASOs (charged or uncharged) to facilitate their access to the cytosol and thus improve the probability to reach the nucleus to substantially enhance pharmacological effects [11].

Different types of OECs have been characterized, depending on their mechanism of action: the first one, which has been known for decades is a "proton sponge action", characteristic of lysosomotropic drugs, leads to an influx of water molecules, swelling, and disruption of the endosomal compartment [18]. Alternative mechanisms include disrupting the interaction with the proteins of the endosomal membrane (such as Retro-1, which affects Rab7/9 positive late endosomes) [19]. The more recently identified OEC, named UNC7938, was shown to selectively release oligonucleotides from late endosomes, with only little effect on lysosomal pH, thus emphasizing the distinction between the OECs and typical lysosomotropic compounds [11,17].

In this study, we report the impact of OEC UNC7938 administration on exon-skipping efficacy mediated by tcDNA-ASO in mdx mice and characterize the kinetics of the effect. Adult mdx mice were treated with a tcDNA-ASO aiming at skipping the Dmd exon 23 with or without UNC7938, and these were analyzed at different time points. The combined therapy appeared to be particularly efficient at early time points, as well as in the cardiac muscle, leading to a normalization of cardiac function after three months of treatment. 

Materials and Methods

Antisense Oligonucleotides and Animal Experiments

Animal procedures were performed in accordance with national and European legislation, approved by the French government (Ministère de l'Enseignement supérieur et de la Recherche, Autorisation APAFiS #6518). Mdx (C57BL/10ScSc-Dmdmdx/J) mice were bred in our animal facility at the Plateforme 2Care, UFR des Sciences de la santé, Université de Versailles Saint Quentin and were maintained in a standard 12-h light/dark cycle with free access to food and water. Mice were weaned at week four to five (postnatal), and two to five individuals were housed per cage.

TcDNA-ASO, targeting the donor splice site of exon 23 of the mouse dystrophin pre-mRNA [20], was synthesized by SQY Therapeutics (Montigny le Bretonneux, France). Palmitic acid was conjugated at the 5 end of tcDNA-PO via a C6-amino linker and a phosphorothioate bond as previously described (Figure S1) [6]. Mice were injected intravenously with 30 mg/kg/wk of the tcDNA-ASO (one intravenous injection per week under general anesthesia using 2% isoflurane). The oligonucleotide enhancing compound UNC7938 was produced by Initos Pharmaceuticals LLC (Chapel Hill, NC, USA). Mdx mice were treated with UNC7938 at 15 mg/kg/wk under general anesthesia using 2% isoflurane 24 h after the ASO injection (every week or every four weeks, depending on the protocol). Age-matched mdx groups receiving an equivalent volume of sterile saline were included as controls, and C57BL/10 mice were included as wild-type controls.

Animals were euthanized at different time points according to the different protocols and muscles and tissues were harvested and snap-frozen in liquid nitrogen-cooled isopentane and stored at -80 • C before further analysis.

To assess the safety of UNC7938, liver and kidney were sampled at the end of the 12-wk protocol (two weeks after the last dose), fixed in 10% neutral buffered formalin, and embedded in paraffin wax. Thick sections of 4 µm were then routinely stained with hematoxylin-eosin-saffron (HES) for histopathological evaluation, which was further performed by a veterinary pathologist blind to treatment.

Echocardiography Procedure

The procedure was performed under isoflurane anesthesia. Anesthesia doses were kept to the lowest possible levels, usually 5% isoflurane for induction and 2.5-3% isoflurane during measurements. Animals were placed on a heating pad to maintain a constant body temperature (37 • C), and their rectal temperature was monitored throughout the experiment. Doppler-echocardiography was performed using a high-resolution ultrasound system (Logiq 9, GE, France) with a 36-MHz scan head. Each animal was shaven from the left sternal border to the left axillary line with depilatory cream before the examination. Each set of measurements was obtained from the same cardiac cycle. At least three sets of measurements were obtained from three different cardiac cycles. The left ventricular end-diastolic diameter (LVEDD), end-diastolic posterior wall thickness, and end-diastolic interventricular septal wall thickness were measured using the leading-edge convention of the American Society of Echocardiography from M mode. The LVEDD was measured, from a M-mode short-axis view of the left ventricle at the papillary muscle level. Left ventricular shortening fraction (RF) and left ventricular ejection fraction (LVEF) were calculated from the M mode. Aortic velocity time integral (VTI) was recorded during the procedure from Doppler echocardiography. Mitral inflow Doppler pattern was recorded (peak E, peak A, and deceleration time) from a four-chamber apical view. The left ventricular systolic intervals of the isovolumic contraction time (IVCT), the ventricular ejection time (ET), and the diastolic interval of the isovolumic relaxation time (IVRT) were measured for the Tei index calculation. Measurements were made for aortic and mitral blood flows recorded from an apical four-chamber modified view using pulsed Doppler, and the sample was placed between the tip of the mitral and the Left ventricular outflow tract. The Tei index was calculated as the ratio of (IVCT + IVRT) to systolic ejection time. Cardiac output (CO) was defined as stroke volume x heart rate. The shortening fraction (%) was calculated by the formula: (LVEDD-LVESD)/LVEDD × 100. LV end-diastolic (EDV) and end-systolic (ESV) volumes were calculated using a half ellipsoid model of the LV. From these volumes, LV ejection fraction (%) was calculated using the formula: (EDV-ESV)/EDV × 100. These experiments were performed in blind.

ASO Quantification by Fluorescent Hybridization Assay

Tissues were homogenized using the Precellys 24 (Bertin Instruments, Montigny le Bretonneux, France) at a final concentration of 50 mg/mL of lysis buffer (100 mmol/L Tris-HCl, pH 8.5, 200 mmol/L NaCl, 5 mmol/L EDTA, 0.2% sodium dodecyl sulfate) containing 2 mg/mL of proteinase K (Invitrogen, Germany) and incubated overnight at 55 • C in a hybridization oven. After centrifugation at 7000× g (Sorval ST 8R centrifuge, 75005719 rotor) for 15 min, the supernatant was used in the assay. Quantification of ASO was performed using a hybridization assay with a molecular beacon probe, as previously described [21].

Cell Fractionation and Western Blot Validation

Cell fractionation from freshly dissected gluteus muscles and protein extraction were performed as described previously (Dimauro et al., 2012). Then, 35 µg of protein were loaded onto 4-20% Mini-PROTEAN ® TGX™ Precast Protein Gels (BioRad, Carlsbad, CA, USA). The PVDF membranes were probed with primary polyclonal antibodies directed against histone H3 (Cell Signaling Technology, Danvers, MA USA, 1:1000) or primary monoclonal antibodies directed against EEA1 (Sigma Aldrich, Saint Louis, MI, USA, 1:1000) followed by incubation with a goat anti-mouse secondary antibody (IRDye 800 CW Goat anti-mouse IgG, Li-Cor, Germany, dilution 1/20,000) or goat anti-rabbit secondary antibody (IRDye 800 CW Goat anti-rabbit IgG, Li-Cor, Germany, dilution 1/20,000). Bands were visualized using the Odyssey CLx system (Li-Cor, Germany).

RNA Analysis

Total RNA was isolated from snap-frozen muscle tissues using TRIzol reagent, according to the manufacturer's instructions (ThermoFisher Scientific, Carlsbad, CA USA). To visualize exon skipping levels, aliquots of 500 ng of total RNA were used for RT-PCR analysis using the Access RT-PCR System (Promega, Madison, WI, USA), as previously described [6].

Exon 23 skipping levels were also quantified using real-time quantitative PCR using Taqman assays designed against the exon 23-24 junction and exon 22-24 junction, as previously described [6].

Western Blot Analysis

Protein lysates were obtained from intervening muscle sections collected during cryosection using the Precellys 24 (Bertin Instruments, Montigny le Bretonneux, France) in RIPA buffer (ThermoFisher Scientific, Rockford, IL, USA) complemented with SDS powder (5% final) (Bio-Rad, Marnes-la-coquette, France) and protease inhibitor cocktail (ThermoFisher Scientific, Rockford, IL, USA). An amount of 25 µg of protein were loaded onto NuPAGE 3-8% Tris-Acetate Protein gels (Invitrogen, Carlsbad, CA, USA), following manufacturer instructions. Dystrophin protein was detected with NCL-DYS1 primary monoclonal antibody (NCL-DYS1; Novocastra, Newcastle, UK, dilution 1/200), as prevsiously described [6]. Quantification was performed using the Empiria Studio software (Li-Cor, Bad Homburg, Germany) based on a standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue.

Serum and Urine Analysis

Blood samples were collected at the end of the treatment for biochemistry analysis. Analyses of serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), bilirubin, creatinine, urea, and albumin levels were performed by the pathology laboratory at Mary Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK.

Urine was collected using metabolic cages over 24 h, and urine creatinine and total protein were measured, as previously described [22].

Immunohistochemistry Analysis

Sections of 10 µm at 120 µm intervals were cut from triceps, diaphragm, and heart and examined for dystrophin expression using a rabbit polyclonal antibody Dystrophin (dilution 1:500; cat. number RB-9024-P ThermoScientific, Fremont, CA, USA), which was then detected by goat anti-rabbit IgGs Alexa Fluor 488 (dilution 1/500; A11070, Invitrogen, Eugene, OR, USA). Images were cropped, and scale bars of 100 µm were added using ImageJ software.

Statistical Analysis

All in vivo data were analyzed with the GraphPad Prism8 software (San Diego, CA, USA) and expressed as means ± S.E.M. The "n" refers to the number of mice per group.

Group comparisons were performed using one and two-way analyses of variance (ANOVA) with repeated-measure comparisons when needed (effects in different muscle tissues for example), followed by post-hoc Dunnett's or Sidak's multiple comparisons when appropriate. The Kruskal-Wallis test was used to compare groups that do not follow a normal distribution (assessed with the Shapiro-Wilk test). Significance levels were set at * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Results

Effect of UNC7938 during a Short Term Exon Skipping Therapy in Mdx Mice

We first studied the effects of the oligonucleotide enhancing compound (OEC) UNC7938 over a relatively short period of four weeks of treatment. In this protocol schematized in Figure 1A, mdx mice were treated for four weeks with the previously described palm-tcDNA-ASO targeting the Dmd exon 23, which has demonstrated an enhanced therapeutic index in this mouse model [6] and the OEC weekly. UNC7938 was administered intravenously at 15 mg/kg [23] 24 h after each ASO injection, and tissues were collected and analyzed two weeks after the last ASO injection (Figure 1A). Exon 23 skipping levels were quantified by RT-qPCR in several skeletal muscles, including tibialis anterior, gastrocnemius, quadriceps, triceps, and diaphragm, as well as the cardiac muscle. Results revealed an overall improvement of the ASO therapy with UNC7938 compared to tcDNA-ASO alone (p = 0.0152, RM two-way ANOVA, ASO vs. ASO + 7938) with a higher effect in the heart (p = 0.0016) (Figure 1B).

We next assessed the levels of dystrophin restoration in the different tissues and found higher dystrophin levels in mice treated with the ASO + OEC than in mice treated with the ASO alone (p = 0.0067, RM two-way ANOVA, ASO vs. ASO + 7938) with a particular strong effect in the heart reaching a 2.75 fold-increase (p < 0.0001) and in the diaphragm (2.75 fold-increase but not statistically significant p = 0.1680) (Figure 1C). The amount of tcDNA-ASO in the different muscles and off-target organs were measured, and we found that the overall content of ASO in tissue lysates was not impacted by UNC7938 treatment (Figure 1D) (treatment effect p = 0.6661 and 0.1183 for muscles and organs, respectively, analyzed by RM two-way ANOVA).
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Kinetics of UNC7938 Effect on Exon Skipping Therapy in Mdx Mice

To better characterize the effects of the OEC UNC7938 on ASO therapy, we treated mdx mice weekly with ASO + OEC during four weeks and analyzed them at different time points (72 h, one wk, three wks, and six wks) after the last injection (Figure 2A). 

Kinetics of UNC7938 Effect on Exon Skipping Therapy in Mdx Mice

To better characterize the effects of the OEC UNC7938 on ASO therapy, we treated mdx mice weekly with ASO + OEC during four weeks and analyzed them at different time points (72 h, one wk, three wks, and six wks) after the last injection (Figure 2A).

At very early time point (72 h), the ASO content in tissues was not impacted by UNC7938 administration in all muscles analyzed (Figures 2B andS2A). At one-wk and three-wk time points, UNC7938 treatment appears to increase the ASO concentration in muscles, especially in the triceps (p = 0.0405) and in the heart (p= 0.0010). This difference suggests a slower elimination of the ASO in mice co-treated with the OEC compared to mice treated with ASO alone. However, six weeks after the last injection, ASO content was similar for both treatments and only limited amount of ASO were detected in all muscle tissues (Figures 2B andS2A). We next measured exon skipping levels by RT-qPCR, and we found statistically higher levels of exon 23 skipping in muscles from mice treated with both ASO + OEC compared to mice treated with ASO alone. UNC7938 significantly enhanced exon skipping levels in heart (p = 0.0002 RM two-way ANOVA, ASO vs. ASO + 7938), with the strongest effect detected at early time points (p < 0.0001 at 72 h and p = 0.0321 at 1 wk). However, this difference decreased with time, since treatment with ASO alone induced a slower increase, though reaching similar levels as the combined therapy six weeks after the last injection (Figure 2C right). A similar effect was observed in the skeletal muscles (diaphragm: p = 0.0022, triceps: p =0.0048, quadriceps: p =0.0179, RM two-way ANOVA, ASO vs. ASO + 7938) (Figures 2C andS2B). At very early time point (72 h), the ASO content in tissues was not impacted by UNC7938 administration in all muscles analyzed (Figure 2B, Figure S2A). At one-wk and three-wk time points, UNC7938 treatment appears to increase the ASO concentration in muscles, especially in the triceps (p = 0.0405) and in the heart (p= 0.0010). This difference suggests a slower elimination of the ASO in mice co-treated with the OEC compared to We next assessed the levels of dystrophin expression in the various muscle tissues following treatment with ASO alone or ASO + 7938. At early time points (up to three weeks), UNC7938 tends to improve dystrophin restoration levels compared to ASO alone. For example, in the heart, the quantity of dystrophin produced is increased by 62% at one week and by 134% at three weeks. However, at later time points (six weeks), levels were similar in both groups of mice (Figures 2D andS2C), making the overall difference (across all time points) not statistically significant (p = 0.5201 RM two-way ANOVA, ASO vs. ASO + 7938) (Figure 2D).

Combination of tcDNA-ASO and UNC7938 Efficiently Restores Dystrophin Expression and Improves Cardiac Function in Mdx Mice

Based on these promising results, in particular in the cardiac muscle, we aim to investigate a longer treatment period in order to assess some functional parameters, such as cardiac function. To lower the potential toxicity of repeated administrations of UNC7938 over three months, we wanted to reduce the number of UNC7938 injections, and we thus investigated whether one monthly injection would achieve similar effects than weekly injections. For that purpose, we performed an additional four-wk study in which UNC7938 was only administered after the fourth ASO injection. Analysis of exon skipping (Figure S3A) and protein restoration levels (Figure S3B) revealed no statistical difference between the two groups (ASO combined with one or four injections of OEC) with a p value of 0.4669 and 0.7915, respectively (analyzed by RM two-way ANOVA).

We, therefore, selected a monthly injection of UNC7938 for the long-term treatment investigating the therapeutic potential of the combination UNC7938 and tcDNA-ASO. Adult mdx mice were injected intravenously with 30 mg/kg/week of ASO and with 15 mg/kg/four weeks of UNC7938 over a period of 12 weeks (Figure 3A). ASO tissue concentrations were measured two weeks after the end of the treatment period in muscle tissues and off target organs. As previously observed in the kinetic study, we found slightly higher ASO amounts in muscles from mice co-treated with UNC7938 (p = 0.0142 RM two-way ANOVA, ASO vs. ASO + 7938), while there was no difference in spleen, liver, and kidney (p = 0.2704 RM two-way ANOVA, ASO vs. ASO + 7938) (Figure 3B). We hypothesized that these higher ASO contents in muscle lysates from mice treated with UNC7938 may result from increased amount of ASO reaching the nucleus, being less prone to elimination/degradation than the ASO fraction trapped in the endosome/lysosome compartments. To investigate this further, we sought to determine the ASO intracellular localization. Cell fractionation was performed on freshly isolated skeletal muscles from mdx mice treated with ASO alone or ASO + 7938 for three months, and we validated that the early endosome protein EEA1 was properly enriched in the cytosolic fraction, whereas the H3 histone was enriched in the nuclear fraction (Figure 3C). ASO content was determined in cytosolic and nuclear fractions, and the proportion of ASO detected in the nuclear fraction was higher in mice treated with ASO + 7938 compared to mice treated with ASO alone (Figure 3D).

We next evaluated the impact of UNC7938 on exon skipping and protein restoration levels in mdx mice treated for three months. Treatment with UNC7938 alone did not induce any exon skipping or dystrophin restoration (Figure S4). In mice treated with ASO + OEC, we found slightly, but not significantly, increased exon skipping levels in diaphragm and heart (p = 0.1928 RM two-way ANOVA, ASO vs. ASO + 7938) (Figure 3E) and significantly higher levels of dystrophin restoration compared to ASO alone (p = 0.03 RM two-way ANOVA, ASO vs. ASO + 7938) (Figure 3F). Dystrophin restoration was increased by 31% in the heart, 58% in the diaphragm, and 82% in the triceps (Figure 3F). Dystrophin expression and correct localization were also confirmed by immunostaining performed on muscle cryosections (Figure 3G). Analyses of mean fluorescence intensity revealed a similar increase in dystrophin restoration induced by UNC7938 co-treatment of approximately 33% and 46% in heart and triceps, respectively. Since cardiomyopathy is a typical feature of DMD and that the combined ASO + 7938 treatment appears to be particularly efficient in the heart, we wanted to investigate cardiac function outcomes after these three months of treatment. Echocardiography in six-monthold mdx mice revealed a significant reduction of the left ventricular ejection fraction (LVEF), the fractional shortening (FS), and the systolic pulse pressure (PP systole), as well as an increase in the Tei index compared with WT mice (Figure 4). Treatment of mdx mice with 30 mg/kg/wk of tcDNA-ASO for 12 weeks improved all parameters, although the differences did not reach statistical significance (p > 0.05 analyzed by one-way ANOVA). After cotreatment with UNC7938 however, LVEF, FS, and PP systole were significantly restored (p = 0.0154, 0.0153 and 0.0097 compared with mdx saline for LVEF, FS, and PP systole, respectively, one-way ANOVA) and no different from WT mice, indicating a normalization of heart function. Only the Tei index was still different between mdx control and ASO + 7938 treated mice (p = 0.3161), but it was no longer different from the WT mice (p value = 0.0951), demonstrating a promising improvement. 

Safety Assessment of the Combined Treatment with UNC7938 and tcDNA-ASO

To investigate whether the combination of UNC7938 and tcDNA-ASO induced any potential safety signals, we first analyzed the serum levels of various biomarkers in mice following the different treatments. Quantification of serum creatinine, urea, ALP, bilirubin, and transaminases (ALT and AST) revealed no significant increases in UNC7938 treated mdx mice compared to saline treated mdx mice (Figure 5A). Only albumin was found to be slightly increased with the combined therapy ASO + 7938. We next evaluated some urinary biomarkers, including albumin and total protein, and found no significant changes in mdx mice treated or co-treated with UNC7938. Results are normalized to creatinine levels and expressed as mean ± SEM; n = 5-8 mice per group; p = ns compared to mdx saline (one-way ANOVA). (C) Histological presentation of wild-type mice and mdx mice treated with saline, ASO, UNC7938 or ASO + 7938 for 12 weeks. In liver (upper panel), small foci of inflammatory cell infiltration were scattered in the hepatic parenchyma of all mice in every group. In kidney (lower panel), no lesions or only sporadic changes were observed except for two animals: one UNC7938-treated mouse and one ASO + 7938-treated mouse displayed few minimal areas of tubular degeneration/regeneration (arrows) +/-associated with intraluminal proteinaceous casts and tubular ectasia. Note that one similar area was observed in one mdx-saline mouse. Hematoxylin-Eosin-Saffron staining. Scale bar = 50 µm.

Finally, we explored the histopathological profile of liver and kidneys (the two main sentinel organs for drug toxicity) in treated mdx mice and WT controls in order to evaluate potential adverse effects of UNC7938, alone or in combined therapy (Figure 5C). In the liver, all mice of every groups (WT, mdx saline, mdx ASO, mdx UNC7938, and mdx ASO + 7938) similarly displayed some small scattered foci of inflammatory cell infiltration, sometimes associated with few individual necrotizing hepatocytes. Foci of inflammatory cell infiltration is a common background lesion in the liver of mice. The only other histopathological change observed was very small amount of pigment in Kupffer cells and, less frequently, in Ito cells. This was observed in all animals treated with ASO (ASO alone and combined with 7938). Such a small degree of pigment, without associated cellular reaction or lesion, is generally considered biologically irrelevant. In the kidney, most of the mice displayed no lesion or only unspecific sporadic changes (proteinaceous casts, altered glomeruli, basophilic tubules). Only one UNC7938-treated mouse (out of 7) and one ASO + 7938-treated mouse (out of six) displayed more pronounced lesions than what observed in WT mice and mdx-saline-treated mice, consisting of few foci of tubular degeneration and regeneration, sometimes associated with intraluminal proteinaceous casts. Those lesions, very minimal, unspecific, and present in a very low number of animals, were not considered compound-related and significant. Thus, no hepatic or renal toxicity has been associated with UNC7938 when administrated intravenously at the dose of 15 mg/kg/4 week over a period of 12 weeks, alone or in combination with tcDNA-ASO. These findings suggest that the increased effect of ASO observed with OEC unlikely results from toxicity of UNC7938.

Discussion

In this study, we aimed to enhance the therapeutic potential of ASO-mediated exon skipping for DMD, which is still currently limited by several challenges. Our previous work has focused on improving the ASO compound itself, and we have optimized a tcDNAbased ASO, free of phosphorothioate linkages and conjugated to a palmitic acid, presenting a significantly higher therapeutic index [6]. Besides the optimization of the ASO compound itself, which may address some of the delivery issues, it is possible to act on cellular mechanisms to facilitate the transport of ASO to their target organelle, i.e., the nucleus in the case of splice switching ASO. The inefficiency of endosomal escape is considered one of the biggest problem preventing the widespread use of RNA therapeutics [24]. The chemical manipulation of the endosome trafficking machinery has been shown to positively impact ASO delivery and pharmacological effects [11]. However, the proof of concept has never been demonstrated for DMD and the exon skipping approach in vivo. In the present study, we therefore evaluated the potential of such a combined therapy in vivo in the mdx mouse model of DMD. We selected the UNC7938 compound that was discovered through high throughput screening and shown to selectively release ASO from non-productive entrapment in endosomal compartments [15][16][17]. UNC7938 was recently shown to potentiate the effect of a peptide conjugated PMO (PPMO) in cystic fibrosis patients cells and in vivo in mouse lung [23], but no data are available in muscle tissues.

In our preliminary four-wk treatment protocol, we showed that the combined ASO + UNC7938 therapy induced significantly higher exon skipping level (1.59 foldchanges) and dystrophin restoration levels (2.75 fold-changes) than ASO therapy alone, especially in the heart. This is in line with our hypothesis that UNC7938 treatment may help ASO to escape the endosome and diffuse to the nucleus where the pre-mRNA targets are located. However, the reasons underlying the higher effect in the heart in contrast with the other muscle tissues remain unclear and may simply be due to the fact that tcDNA is particularly efficient at targeting the heart (i.e., heart is the muscle with the highest content of ASO).

To better characterize the effects of UNC7938, we studied its impact at different time points after injection. The quantification of ASO in different tissues shows that ASO distribution is not affected by UNC7938 at the very early time point (72 h), suggesting that UNC7838 does not impact the distribution of ASO to the different tissues per se. However, ASO tissue content appeared higher between one and three weeks post-treatment in UNC7938 co-treated mice compared to mice treated with ASO alone. This suggests that ASOs are not eliminated as fast when the OEC is administrated, which would be in line with their mechanism of action. Endosomal escape would protect the ASO from a quick degradation/elimination. This was also confirmed by the pharmacological effect of ASO, which was significantly enhanced after the treatment with UNC7938. The effect was once again more important in the heart, which is the muscle tissue with the highest content of ASO, with up to a 4.4-increase in exon skipping levels at early time points. Interestingly, this 'booster' effect faded over time, and ASO content, as well as exon skipping levels, ended up being very similar six weeks after the treatment in both groups of mice (with or without UNC7938). This may be explained by the 'depot effect' occurring in mice treated with ASO alone, in which the ASO trapped in endosomes are actually slowly released over time. This phenomenon characterized by the fact that ~99% of ASO (or RNA therapeutics in general) are typically trapped inside endosomes, may indeed explain why ASO can achieve long pharmacological effects due to a constant low level of leakage into the cytoplasm over weeks or months [24]. Using an OEC, such as UNC7938, may induce a short liberation of ASO from the endosomes, but might, in counterpart, affect the depot effect, which would no longer occur. This could explain why the overall exon skipping levels end up being similar several weeks after the treatment.

We next investigated the impact of UNC7938 on exon skipping therapy over a longer period of time and treated mdx mice for 12 weeks, during which they received three injections of UNC7938 (every four weeks). We had previously validated that this dosing regimen induces similar effects that an injection every week. The ASO content in muscle tissues at the end of the 12-wk treatment was slightly higher in mice co-treated with UNC7938 compared to mice treated with ASO alone, as previously observed. In order to determine the ASO intracellular localization, we performed cell fractionation on freshly isolated skeletal muscles from treated mdx mice and quantified the ASO content in enriched nuclear and cytoplasmic fractions. Interestingly, we found a higher proportion of ASO in the nuclear fraction of mice treated with ASO + UNC7938 compared to mice treated with ASO alone, which showed a higher proportion of ASO in the cytosolic fraction. We found approximately 71% of ASO in the cytosolic fractions in mice treated with ASO alone, which is higher that the commonly assumed 99% of ASO trapped in endosomes [24]. This may be due to the repeated injections of ASO over 12 weeks, which may help accumulate more ASO in the nucleus than single injections, and also to the timing of analysis. Since muscles were analyzed two weeks after the last injection, a proportion of ASO that was trapped in the endosomal/lysosomal compartment may have already been cleared, thus lowering the quantified cytoplasmic fraction compared to the nuclear fraction. It would be interesting to perform similar fractionation analysis 24 h after a single injection as this may reveal different proportions. However, one should also keep in mind that cell fractionation protocol results in an enrichment of fractions rather that absolutely pure fractions, so it cannot be excluded that the ASO content in the nuclear fraction is slightly overestimated because of traces of cytosolic fraction. Nonetheless, the consistent higher proportion of ASO found in the nuclear fraction after UNC7938 treatment is in line with its mechanism of action and confirms that freeing ASO from endosomes helps them reach their ultimate target organelle, the nucleus.

The exon skipping levels and restoration of dystrophin protein were also slightly improved in co-treated mice, although to a lesser extent than after the four-wk treatment. This may be explained by the depot effect that would be more noticeable after several weeks. In mice treated with ASO alone, because most of ASO are trapped in endosomes and only slowly released over time, the pharmacological effects may be delayed compared to mice co-treated with UNC7938 in which the released ASO can act more rapidly after the injection.

Considering the clear increase in the amount of ASO detected in the nuclear fraction after treatment with UNC7938, the effect reported on exon skipping levels and dystrophin rescue may appear relatively low. This may be explained by the limited amount of ASO that overall reached the target tissues. Indeed, despite improvement in the design of our tcDNA ASO, conjugated to palmitic acid in order to increase its biodistribution to muscle tissues, the proportion of ASO actually reaching skeletal muscles remains low, as shown in Figure 3B (between 0.6 and 3 µg/g of tissues). This highlights an important consideration to keep in mind-that the full potential of endosomal escape compounds can only be achieved in combination with efficient delivery of ASO to the target tissue.

Nonetheless, co-treatment of ASO + UNC7938 led to higher dystrophin restoration than treatment with ASO alone, especially in the heart (+31%), the diaphragm (+58%), and the triceps (+82%). This was also confirmed by immunostaining, which revealed a correct localization of dystrophin at the subsarcolemmal space of muscle fibers and higher intensity of staining. Given the particularly strong effect observed in the heart with UNC7938 and considering the importance of cardiac dysfunction in DMD patients, we investigated the cardiac function in treated mdx mice. Mdx mice typically show a progressive development of cardiac defects from six months of age [25,26], and electrocardiography investigations in the control mdx mice from this study indeed revealed significant increase in the Tei index, as well as a reduction of the systolic pulse pressure (PP systole) of the left ventricular ejection fraction (LVEF) and of the fractional shortening (FS) compared with WT mice. We found that treatment with ASO alone improved all these parameters, although the difference did not reach statistical significance. It should be noted that we demonstrated, in a previous study, that treatment with tcDNA-ASO alone can significantly improve cardiac function in mdx mice after 12 weeks of treatment at 50 mg/kg/wk [6]. In the current study, we selected a lower dose of 30 mg/kg/wk on purpose to be able to detect differences with the UNC7938 co-treated mice. Remarkably, mdx mice treated with both tcDNA-ASO and UNC7938 presented statistically significant improvement in all parameters, even reaching WT values (non-statistical difference from WT values for all parameters analyzed). This improved effect over the treatment with ASO alone at this dose likely results from higher dystrophin restoration levels in the heart of co-treated mice, but also from a possible earlier restoration. Indeed, as mentioned previously, one of the advantages of OEC molecules is their capacity to quickly release ASO from endosomes and therefore allow ASO to act more rapidly than those which would be slowly released through the depot effect. This may play an important role for cardiac function, which is more likely to be normalized when dystrophin expression has been restored for longer.

All together, our data confirm the potential of OECs, such as UNC7938, to enhance the therapeutic index of exon-skipping ASO for DMD. Yet, this may counterbalance the depot effect, which classically allows long-term effect of ASO. Ultimately, one should aim at keeping some depot effect while releasing sufficient ASO for rapid effect. Considering the high amount of ASO trapped in endosome compartments, believed to be around 99%, freeing up to 50% would suffice to maintain both rapid and long term effects. A typical dystrophin western blot obtained for the heart is showed in the left panel, with vinculin used for normalization. A standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue is loaded for quantification (0%, 2.5%, 5%, 10% and 20% of WT). Right panel: quantification of dystrophin restoration using the Empiria Studio software. Results are expressed as mean ± SEM; N=3 mice per group. P = 0.7915 between ASO+1*7938 or ASO+4*7938 analyzed by RM two-way ANOVA.

Figure S4. Treatment with UNC7938 alone has no effect on dystrophin restoration.

A typical dystrophin western blot obtained for the diaphragm is showed, with vinculin used for normalization. A standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue is loaded for quantification (0%, 2%, 5% and 10% of WT).

INCREASE THE AMOUNT OF TARGET MRNA Context:

As mentioned previously, the therapeutic potential of exon-skipping therapy is limited by several challenges including the biodistrubtion to target tissues and proper localization of ASO in the nucleus, limitations that we aimed to address with the studies mentioned above.

Another less recognized challenge in the context of DMD is the reduced expression of the dystrophin transcript and the strong 5'-3' imbalance in mutated transcripts. We therefore hypothesized that increasing histone acetylation using histone deacetylase inhibitors (HDACi) could correct the transcript imbalance, offering more available pre-mRNA target and ultimately increase dystrophin restoration.

Methods:

Mdx mice were co-treated with TC-DNA ASO (intravenous, 30mg/kg/week) and HDACi. Three HDACi were tested: valproic acid (intraperitoneal, 500 mg/kg/day), EX527 (intraperitoneal, 2 mg/kg/day) and givinostat (gavage, 10 mg/kg/day). All HDACi were administrated 5 times per weeks.

After 4 weeks of treatment mice were sacrificed and tissues were collected to analyze the effects of HDACi on RNA production and ASO's distribution and efficacy. Some serum biomarkers were quantified to ensure that the co-treatment was not toxic. In parallel, our collaborators from the group of Annemieke Aartsma-Rus at Leiden University medical center investigated the effect of valproic acid on DMD chromatin organization and expression in vitro.

A long term study of 12 weeks was then performed to confirm the effects of valproic acid on ASO efficacy. (This follow-up study is not included in the published manuscript inserted below but described separately afterwards). Two weeks after the last injection of TC-DNA, muscle function was monitored by measuring tibialis anterior muscle contraction in-situ in response to nerve stimulation.

Main Results

Significantly higher levels of dystrophin restoration were obtained after 4 weeks of cotreatment with givinostat and valproic acid compared to mice treated with ASO alone.

An increase in H3K9 acetylation was observed in human myocytes after treatment with valproic acid.

In the long term study with valproic acid, we also found increased levels of dystrophin restoration confirming the capacity of valproic acid to improve ASO efficacy. This study also showed that the combined therapy is able to restore the muscle function in mdx mice.

Conclusion:

These findings indicate that HDACi can improve the therapeutic potential of exon skipping approaches offering promising perspectives for the treatment of DMD.
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Histone deacetylase inhibitors improve antisense-mediated exon-skipping efficacy in mdx mice Flavien Bizot, 1,4 Remko Goossens, 2,4 Thomas Tensorer, 3 Sergei Dmitriev, 3 Luis Garcia, 1 Annemieke Aartsma-Rus, 2 Pietro Spitali, 2 and Aurélie Goyenvalle 11 Université Paris-Saclay, UVSQ, Inserm, END-ICAP, 78000 Versailles, France; 2 Department of Human Genetics, Leiden University Medical Center, 2333 ZA Leiden, the Netherlands; 3 SQY Therapeutics, UVSQ, END-ICAP, 78180 Montigny le Bretonneux, France Antisense-mediated exon skipping is one of the most promising therapeutic strategies for Duchenne muscular dystrophy (DMD), and some antisense oligonucleotide (ASO) drugs have already been approved by the US FDA despite their low efficacy. The potential of this therapy is still limited by several challenges, including the reduced expression of the dystrophin transcript and the strong 5 0 -3 0 imbalance in mutated transcripts. We therefore hypothesize that increasing histone acetylation using histone deacetylase inhibitors (HDACi) could correct the transcript imbalance, offering more available pre-mRNA target and ultimately increasing dystrophin rescue. Here, we evaluated the impact of such a combined therapy on the Dmd transcript imbalance phenomenon and on dystrophin restoration levels in mdx mice. Analysis of the Dmd transcript levels at different exon-exon junctions revealed a tendency to correct the 5 0 -3 0 imbalance phenomenon following treatment with HDACi. Significantly higher levels of dystrophin restoration (up to 74% increase) were obtained with givinostat and valproic acid compared with mice treated with ASO alone. Additionally, we demonstrate an increase in H3K9 acetylation in human myocytes after treatment with valproic acid. These findings indicate that HDACi can improve the therapeutic potential of exon-skipping approaches, offering promising perspectives for the treatment of DMD.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a genetic, X-linked, musclewasting disease caused by different types of mutations in the DMD gene, which mostly disrupt the open reading frame and thus lead to an absence of functional dystrophin protein. Becker muscular dystrophy (BMD), which is also caused by mutations in the DMD gene, results in a variable but milder phenotype. In contrast to DMD mutations, BMD deletions do not disrupt the open reading frame, allowing translation of a partially truncated but functional dystrophin. Antisense-mediated exon skipping for DMD aims to eliminate one or several exons from the mRNA, by masking key splicing sites with antisense oligonucleotides (ASOs) during the pre-mRNA splicing process. The resulting mRNA will have a restored reading frame and therefore allow the expression of a BMD-like dystrophin. Several ASO-based exon-skipping drugs have already been approved by the US Food and Drug Administration for the treatment of DMD (eteplirsen, golodirsen, viltolarsen, and casimersen targeting exons 51, 53, 53, and 45). 1 Approval was based on safety and increased dystrophin expression in muscle biopsies of treated patients at relatively low levels (up to $5.9% following exon 53 skipping). 2 Recent studies suggest delayed loss of ambulation and pulmonary decline following long-term eteplirsen treatment compared with a natural history cohort, 3 and placebo-controlled clinical trials are still ongoing to assess functional outcomes for each of the compounds. However, the efficacy of exon-skipping strategies is still limited by several challenges, leaving much room for improvement.

One of the most recognized challenges of ASO-mediated exon skipping is the delivery of ASOs to the target tissues. 4,5 Many efforts are focusing on improving this delivery, notably through the development of alternative chemistries or various conjugates. 6,7,8 Among these, some of us have been working with one particular chemistry named tricyclo-DNA (tcDNA), and we recently demonstrated that conjugation of palmitic acid with tcDNA (palm-tcDNA) significantly enhances their therapeutic potential. 9 Many of these newly developed compounds are currently or soon to be evaluated in clinical trials. However, another less recognized challenge limits the effect of ASOs independently of their delivery properties: the limited amount of target mRNA. Indeed, transcriptional studies have shown that dystrophin mRNA levels are reduced in muscle when a mutation is present. 10,11 This reduction was thought to be caused by nonsensemediated decay (NMD), which breaks down transcripts with premature termination codons (PTCs) due to nonsense mutations or frameshifts. 12 However, our recent work has shown that inhibition of NMD similarly impacts wild-type (WT) and dystrophic DMD transcript levels, suggesting that NMD does not specifically affect mutated DMD transcripts. 13 More importantly, this work confirmed previous findings describing a strong 5 0 -3 0 transcript imbalance in mutated transcripts. 13,14 Reduced transcript accumulation toward the 3 0 end was also observed in healthy controls, 15 suggesting that the locus is transcriptionally challenging. This is not surprising given that the DMD gene is one of the largest genes in the human genome, spanning 2.2 Mb. However, PTC-containing transcripts appear to be even more affected. The reduced transcriptional output at the DMD locus in the presence of PTC appeared to be at least partly due to a chromatin conformation less prone to transcription in mdx mice compared with WT mice. Indeed we previously showed an increased expression of histone methyltransferases, which are responsible for the methylation of lysine 9 on histone 3 (H3K9me3). This increase was mirrored by elevated levels of H3K9me3 in mdx mouse muscle compared with healthy controls and an increase of H3K9me3 modification along the Dmd locus. 13 H3K9 methylation is a transcriptionally repressive mark that competes with the transcriptional permissive H3K9 acetylation. Hence, promoting permissive chromatin conformation via, for example, H3K9 acetylation could counteract the effects of increased H3K9 methylation observed in the presence of PTC and increase dystrophin pre-mRNA availability. We hypothesize here that increasing histone acetylation (and therefore decreasing histone methylation) using histone deacetylase inhibitors (HDACi) could correct the transcript imbalance, offering more available pre-mRNA target for exon-skipping approaches.

HDACi have previously been studied in the context of DMD models but not for their effect on dystrophin transcript synthesis. Pharmacological blockade of histone deacetylases (HDACs) has been shown to decrease fibrosis and promote compensatory regeneration in the mdx skeletal muscle through follistatin upregulation. 16-18 These studies have led to the clinical evaluation of the HDACi givinostat, which is currently in a phase III clinical trial for DMD treatment (www. clinicaltrials.gov, clinical trial identifier NCT02851797). Positive topline data from this phase III trial were announced at the Annual PPMD Conference on June 25 th , 2022, showing the beneficial effect of givinostat in DMD patients (https://www.businesswire.com/ news/home/20220625005001/en/Italfarmaco-Group-Announces-Positive-Topline-Data-from-Phase-3-Trial-Showing-Beneficial-Effectof-Givinostat-in-Patients-with-Duchenne-Muscular-Dystrophy). We hypothesize that on top of these beneficial effects, HDACi could significantly improve the effect of exon-skipping strategies by increasing the level of Dmd transcript. In this study, we have evaluated the impact of such a combined therapy on the Dmd transcript imbalance phenomenon and on dystrophin restoration levels both in vivo in mdx mice and in vitro in human myocytes. Adult mdx mice were treated with different HDACi: givinostat (a pan HDACi), valproic acid (VPA; inhibitor of class I/II), or EX527 (inhibitor of class III), and also received ASOs aimed at skipping exon 23. Mice receiving the combined therapy with givinostat and VPA showed significantly higher levels of dystrophin restoration compared with mice treated with ASO alone.

Additionally, we demonstrate increased H3K9 acetylation along the DMD locus in human myocytes.

RESULTS

Effect of HDAC inhibitors on Dmd mRNA levels in mdx mice

We first studied Dmd gene expression at several exon-exon junctions in skeletal and cardiac muscles of 3-month-old mdx mice and their WT controls (C57/BL10 mice). The quantitative PCR (qPCR) data obtained from triceps, diaphragm, and heart revealed amounts of Dmd transcripts that were significantly lower in all mdx muscles compared with WT controls (p = 0.0099 for triceps, p < 0.0001 for diaphragm, and p = 0.0006 for heart) (Figure 1A). No difference was found at the exon junction 4-5, suggesting that initiation of transcription is not altered in mdx mice (triceps 100%, diaphragm 105%, and heart 82% compared with WT expression). However, Dmd expression was markedly lower in the distal part of the gene in mdx muscles where expression levels at the exon 65-66 junction were only 21% in triceps, 38% in diaphragm, and 31% in heart compared with WT expression. These results confirm the strong 5 0 -3 0 transcript imbalance previously described in mdx mice due to the nonsense mutation in exon 23. A 5 0 -3 0 imbalance was also detected in WT mice as shown by the absolute quantification of Dmd transcripts (Figure S1A), yet slopes were significantly steeper in mdx mice.

To investigate whether this imbalance previously linked to epigenetic effects could be counterbalanced by histone acetylation, we treated mdx mice with HDACi for 5 weeks. Mdx mice received daily administration of givinostat (10 mg/kg by oral gavage 5 days/week 13 ), VPA (500 mg/kg intraperitoneally [i.p.] 5 days/week 19 ), EX527 (2 mg/kg i.p. 5 days/week 20 ) or saline (i.p. 5 days/week).

The quantification of Dmd gene expression at several exon-exon junctions by qPCR in muscles from HDACi-treated mice revealed a tendency for some HDACi to increase Dmd expression levels, such as EX527 in the proximal exon junctions (4-5 and 24) for all muscles or givinostat across all exon junctions in the diaphragm. However, when we compared all of the exon junctions per treatment with saline, no significant differences emerged (p = 0.8554 in heart, p = 0.6694 in triceps, and p = 0.5552 in diaphragm) (Figure 1B). The Dmd gene expression at several exon-exon junctions can also be represented by the regression line (Figure S1B), allowing better visualization of the overall expression levels.

Given that the single treatment with either HDACi (Figure 1B) or ASOs 14 did not correct the reduction at the 3 0 end, we sought to investigate the potential effect of the combination treatment with HDACi and exon-skipping therapy. Therefore, we combined HDACi and palm-tcDNA ASO treatments, as this ASO could efficiently target the donor splice site of mouse Dmd exon 23. 9 After a first week of HDACi treatment, mdx mice were treated once weekly with 25 mg/kg ASO for a total of 4 weeks as presented in Figure 1C. Two weeks after the last ASO injection, tissues were analyzed and exon 23 skipping levels were quantified by TaqMan qRT-PCR (Figure 1D). Four injections of ASO induced exon 23 skipping levels ranging from 2% to 7% in the different muscles. However, co-treatment with VPA slightly increased the skipping levels (1.26-fold change, p = 0.0478, two-way analysis of variance [ANOVA], ASO versus ASO + VPA) (Table 1) as well as co-treatment with givinostat, though not statistically significant (1.21-fold change, p = 0.1916, two-way ANOVA, ASO versus ASO + givinostat). Exon 23 skipping levels were also visualized on gel after RT-PCR. The right panel of Figure 1D shows the gel for heart samples (n = 1/7 mouse per group on the gel) in which the bands corresponding to the exon 23 skipped transcript are clearly visible in ASO-treated samples as opposed to the 

Effect of HDAC inhibitors on dystrophin protein levels in mdx mice

We next assessed the levels of dystrophin expression in the various muscle tissues following treatment with ASO alone or ASO and HDACi. No dystrophin expression was found in samples from mdx mice treated with HDACi only (Figure S2A). Significant amounts of dystrophin protein (ranging from 2% to 10%) were detected by western blot in all analyzed tissues after only four administrations of ASO (Figure 2A). We found significantly more dystrophin restoration in mdx mice co-treated with VPA (1.74-fold change compared with ASO alone across all muscles, p < 0.0001, two-way ANOVA, ASO versus ASO + VPA) and givinostat (1.44-fold change, p = 0.0076, two-way ANOVA, ASO versus ASO + givinostat), but not with EX527 (1.10-fold change, p = 0.7012, two-way ANOVA, ASO versus ASO + EX527) in both skeletal muscles and heart (Figure 2A). Dystrophin restoration and correct localization were also confirmed by immunostaining performed on muscle cryosections (Figure 2B). Compared with the treatment with ASO alone, we did not detect significantly more dystrophin-positive fibers in muscles from HDACi co-treated mice (approximately 3% of dystrophin-positive fibers in all groups), but the intensity of the staining was higher (Figure S2B), which fits with the higher amounts detected on western blot. Since some HDACi have previously been shown to increase muscle fiber size in mdx mice, we measured the muscle fiber sizes in the triceps of all groups of mice (Figures 2C andS2C). Mdx muscles display a higher number of small fibers (<1,000 mm 2 ) compared with WT mice and ASO-treated mice, where the distribution shows a normalization toward WT muscles (fewer small fibers and more middle sized-fibers [2,000-4,000 mm 2 ]). Co-treatment with givinostat tends to induce very large fibers (<5,000 mm 2 ), as previously reported, 16 and the mean fiber area was therefore significantly improved compared with mdx saline (Figures 2C and2D). Previous studies have shown that the effects of HDACi on muscle histopathology are mediated by an upregulation of follistatin, an antagonist of both myostatin and activin A. 18,21 We thus investigated the expression of follistatin in mice treated with ASO alone or in combination with HDACi and detected only a slight and not statistically significant elevation compared with the saline group (p = 0.2769) (Figure S2D). This suggests that the effect of HDACi on dystrophin expression and muscle fiber size are not or, at least, not completely due to increased follistatin expression.

To investigate whether the higher protein restoration obtained with the combined therapy ASO and HDACi could be due to higher mRNA levels or differences in transcript imbalance, we assessed Dmd gene expression at different exon junctions in co-treated mice as before. The qPCR results revealed higher levels of Dmd transcripts in the diaphragm (Figures 2E andS2E) of all treated groups of mice compared with saline mdx mice, but this was only statistically significant in mdx mice co-treated with VPA after multiple testing correction (p = 0.0001). In mice treated with HDACi alone (givinostat, VPA, or EX527), no statistical difference was detected (Figure S1B).

It has previously been demonstrated that two fragments of the myofibrillar structural protein myomesin-3 (MYOM3) are abnormally present in sera of the mdx mouse model and that this biomarker can be used to evaluate the efficacy of treatments. 9,22 Levels of MYOM3 in the serum following treatment with ASO alone were significantly decreased by 57% (p < 0.0001) after 4 weeks of treatment (Figure 2F). MYOM3 levels were also significantly reduced with HDACi co-treatment (p < 0.0001 for all conditions compared with the saline group) although not statistically different from ASO alone.

Effect of HDAC inhibitors on ASO biodistribution and toxicity

To verify that increased skipping and protein restoration levels are not due to higher ASO concentrations in tissues, we checked the quantity of ASO in muscle tissues (Figure 3A). ASO quantification was performed as previously described 23 and revealed similar levels of ASO in all muscle tissues (p = 0.5122, p = 0.4380, and p = 0.5257 for VPA, givinostat, and EX527, respectively). We calculated the ratio between protein restoration and ASO content, which reflects the therapeutic index of each treatment (Table 2). This highlights the superiority of the combined ASO + VPA therapy, since we found a nearly 2-fold increase between the two treatments (0.66 for ASO alone versus 1.26 for ASO + VPA). We also assessed the ASO content in liver, kidney, and spleen where ASOs tend to preferentially accumulate (Figure 3A, right). While we detected no difference between the different treatments in liver and spleen, we found a significant reduction (3-fold) in the kidneys of mice treated with ASO + VPA (p = 0.0009). This information is particularly promising for potential long-term treatment and safety, since the combined ASO + VPA therapy could lead to higher protein rescue in muscles with less ASO accumulation in kidney. Taking this result into account, we calculated the ratio between efficacy (average protein rescue across muscles) and ASO quantity in kidneys to determine the treatment with the best benefit/risk ratio. The combined therapy ASO + VPA revealed a near 4-fold improved ratio compared with ASO alone (Table 3).

We also checked ASO localization in the kidneys by in situ hybridization using a fluorescently labeled probe specific to the ASO. Following intravenous injections, the palm-tcDNA, like most charged ASOs, was found in the cortex area of kidneys and more specifically in proximal tubules 24 (Figure 3B). Co-treatment with HDACi did not modify ASO localization, but the staining intensity was lower in VPA-treated mice, confirming the data obtained with the ASO quantification assay. Moreover, ASO quantification in urine revealed a higher amount of ASO in the urine of VPA-treated mice compared with mice treated with ASO alone (although not statistically significant), suggesting a tendency for better kidney clearance (Figure 3C).

To ensure that the combination of HDACi with ASO did not induce any specific toxicity, we analyzed the serum levels of various general biomarkers in mice following the different treatments (Figure 4). Quantification of serum creatinine, urea, albumin, alkaline phosphatase (ALP), bilirubin, alanine aminotransferase (ALT), and aspartate aminotransferase (AST) revealed no significant changes in HDACitreated mdx mice compared with saline-treated mdx mice. The slight elevation in AST and ALT levels observed in ASO + givinostat-treated mice was mostly due to a single individual and was not statistically significant, as was the effect of givinostat alone (Figure S3).

Effect of valproic acid on chromatin organization

To further investigate the impact of VPA and the possible mechanisms underlying the higher dystrophin rescue induced by the combined ASO + VPA therapy, we next studied the effect of the combined treatment on DMD transcripts in cultured human myocytes. We first assessed whether changes in the chromatin landscape could be detected after treatment with ASOs and/or VPA. For this purpose, we treated immortalized myocytes derived from a healthy control (HC) or a DMD patient carrying a deletion of exons 48 through 50 with: a control ASO (not targeting DMD), an ASO targeting DMD exon 41 (generating an in-frame exon 41-skipped transcript in HC cells), or an ASO targeting DMD exon 51 (restoring the reading frame in these DMD cells); ASOs were tested alone as well as in combination with VPA treatment. As expected by blocking HDACs, treatment with VPA (alone and in combination with the ASO) increased the level of observed permissive histone mark H3K9Ac over the gene body of the DMD locus in HC cells, indicating that the DMD chromatin is indeed regulated through HDAC activity in the absence of pathogenic mutations (Figure 5A). No additional difference in H3K9Ac levels was observed for co-treatment of VPA with ASOs. Similarly, H3K9Ac levels were elevated in DMD patient cells treated with VPA, although the increase was only significant in DMD cells treated with ASO + VPA. Levels of the repressive histone mark H3K9me3 were not altered by treatment with VPA (Figure S4). None of the other histone marks that we investigated (H3K4me3, H3K27me3, and H3K36me3) showed any reproducible changes over the DMD locus caused by the treatment of cells with VPA and/or ASO (Figure S4).

Exon-skipping efficiency in the different in vitro samples was measured by RT-PCR followed by analysis of PCR product ratios using an Agilent Femto Pulse system (Figure 5B). Exon-skipping levels were comparable across VPA and ASO + VPA combination treatment for DMD exon 41 skipping in HC cells ($64%) as well as for exon 51 skipping in DMD cells ($81%), meaning that VPA did not induce changes in skipping efficiency in either cell type.

To assess whether VPA treatment affects production of dystrophin protein, we compared dystrophin recovery in samples treated with ASOs and ASO + VPA combination treatment using western blot that allows the detection of full-length dystrophin (Dp427) (Figure 5C).

In HC cells, ASOs or ASO + VPA treatments had no significant impact on Dp427 expression (p > 0.9999) (Figure 5D). In DMD cells, ASOmediated exon 51 skipping induces a distinct recovery of full-length dystrophin (Dp427) (p = 0.0407 and p = 0.0483 for ASO and ASO + VPA compared with control ASO, respectively), but no difference was observed between ASO alone or ASO + VPA (Figure 5D). The mRNA levels of Dp427 showed no significant alterations compared with the control ASO sample resulting from the described treatments (Figure 5E), although we observed a slight decrease (not statistically significant) in samples transfected with DMD-targeting ASOs (in both HC and DMD cells). Since DMD is primarily expressed in mature muscle cells, we looked at the expression levels of MYOG (Figure S5A) and MYH3 (Figure S5B) as markers of myogenesis progression. We noted a loss of myogenic potential, as determined by MYH3 levels in cells transfected with DMD-targeting ASOs (Figure S5B), which may explain the reduced levels of DMD transcripts in these samples.

Analysis of various exon-exon junctions of the DMD gene confirmed lower expression of DMD transcripts in DMD cells when compared with HC cells (Figure S5C), with a clear 5 0 -3 0 imbalance, especially in the samples derived from the DMD patient (Figure S5C). The exon 3-4 junction seems equally abundant in HC and DMD cells, again suggesting that the ratio of transcription initiation is similar in either cell type, but the 5 0 -3 0 transcript imbalance is clearer in DMD cells. The combined ASO + givinostat and ASO + VPA treatments induced significantly higher dystrophin restoration levels than ASO therapy alone (1.7-and 1.4-fold, respectively) as detected by western blot. Restoration of dystrophin was also confirmed by immunohistochemistry which did not reveal more dystrophin-positive fibers in muscles from HDACi co-treated mice, suggesting that the increase in dystrophin recovery is a consequence of higher intracellular levels of dystrophin rather than a higher number of cells expressing dystrophin. This would be in line with our hypothesis according to which HDACi treatment may increase available mRNA (leading to increased dystrophin production in each targeted nucleus) rather than have an impact on ASO biodistribution, which may have led to more dystrophin-positive fibers.

To investigate whether higher dystrophin restoration could have been due to unexpected higher uptake of ASO in muscle tissues, we checked ASO biodistribution after combined therapies. ASO amount in target muscle tissues was not altered by any of the HDACi, but VPA treatment surprisingly reduced the amount of ASO accumulated in kidneys. This may be due to higher kidney clearance given that more ASOs were found in the urine of VPA-treated mice, although this does not necessarily mean that the initial biodistribution to kidney was affected (perhaps only the clearance rate). While further work will be required to determine the underlying mechanisms, this represents an interesting advantage for the combined ASO + VPA therapy, which shows a 4-fold increase in the benefit/risk ratio.

HDACi have previously been studied in the context of DMD models but not directly for their effect on dystrophin transcript synthesis.

Previous published work has shown how HDACs play a role in DMD pathophysiology and how they can mediate the connection between the dystrophin-associated glycoprotein complex (DAPC) and nuclear gene/microRNA (miRNA) expression. For example, expression of miRNA-1 in healthy muscle fibers occurs as a consequence of HDAC2 nitrosylation by nitric oxide synthase (NOS), which happens when NOS is bound to dystrophin at the DAPC. Nitrosylated HDAC2 is then released by the miRNA-1 locus with consequent gene expression. 25 A similar connection has also been established for follistatin, which is controlled by class I HDACs, specifically HDAC2 (even though some evidence connecting follistatin expression with class II HDAC4 activity is also present). Inhibition of HDAC2 as well as reconstitution of the dystrophin-NOS signaling has been shown to result in derepression of follistatin. Pharmacological blockade of HDACs has been shown to decrease fibrosis and promote compensatory regeneration in the mdx skeletal muscle through this follistatin upregulation. 16-18 In our study, we only detected a slight and not statistically significant upregulation of follistatin gene expression following HDACi treatment, suggesting that increased dystrophin expression was not directly linked. We further measured muscle fiber cross-sectional area (CSA) and demonstrated that givinostat indeed significantly increased fiber size area but not VPA. Givinostat treatment was previously shown to ameliorate morphology and muscular function in mdx mice by significantly reducing fibrosis in muscle tissue and promoting the increase of CSA of the muscles. 16 It is possible that the increased level of dystrophin detected in ASO + givinostat-treated mice is due to the overall improvement of muscle histopathology and the increase in fiber size. However, CSA was not significantly impacted by the VPA treatment, suggesting a different underlying mechanism. When investigating whether combined therapies with HDACi had impacted the levels of dystrophin mRNA, we detected a significantly increased level of transcripts in VPA co-treated muscles. This may explain the higher dystrophin expression in ASO + VPA-treated mice and would be in line with our hypothesis which assumed that HDACi could increase the level of Dmd transcript and ultimately improve the efficacy of the exon-skipping approach.

While we observed a significant increase in VPA-induced dystrophin protein recovery in vivo in mdx mice treated with ASO + VPA, this effect was not recapitulated in the in vitro human myocyte model. This may be explained by the difference in treatment regimen between the two models, as the murine samples were treated with VPA for 5 weeks, as opposed to 24 h for human in vitro samples. Exon-skipping efficiency is also significantly higher in cultured cells than in muscles in vivo, likely due to the direct delivery of ASO to the cells. This high in vitro exon-skipping efficiency could potentially obscure subtle positive effects of VPA, which are observable in vivo where dystrophin recovery only reaches a fraction of WT levels.

We also noted a loss of myogenic potential, as determined by MYH3 levels in cells transfected with DMD-targeting ASOs, suggesting that the in vitro model may not be the most appropriate model to analyze subtle dystrophin expression changes.

HDACi have previously been shown to alter the myogenesis of various cultured myocytes models, 16,26,27 but this was not readily observed in the ASO-treated cell lines treated with VPA in our study. However, most reports claiming increased myogenesis have used pan-HDAC inhibitors such as givinostat or trichostatin A. 16,27 Given that VPA is an HDAC class I and IIa inhibitor, it may not inhibit the HDACs that cause the reported increase in myogenic potential. Despite the lack of detectable increase in dystrophin levels, we observed increased H3K9Ac levels at the DMD gene upon treatment with VPA and combination of targeting ASO and VPA of human myocytes as assessed by chromatin immunoprecipitation followed by qPCR (ChIP-qPCR). This result confirms our hypothesis that predicted an impact of HDACi DMD transcript levels.

Of note, increased histone acetylation levels have been reported to cause spontaneous exon skipping in neuronal cells (in the neural cell adhesion molecule gene), 28 presumably by the kinetic coupling of transcription and splicing. 29 As such, it is possible that HDACi could facilitate ASO-mediated exon skipping (although this is not observed in our in vitro model). However, it is unclear as to what the threshold is for H3K9Ac to induce increased exon skipping, and whether our VPA-treated samples reach such levels.

Interestingly, Marasco et al. recently reported that co-treatment of VPA and ASOs could improve exon 7 inclusion in SMN2 transcripts. 30 They showed that SMN2 exon 7 belongs to the class of type 2 exons where acetylation of H3K9 improves RNA polymerase II speed and inclusion and H3K9me2 results in slower RNA polymerase II and exon 7 skipping. They also observed that ASO treatment resulted in increased dimethylation in SMN2 intron 7. Thus, while the net effect of ASO treatment was more exon 7 inclusion, the dimethylation decreased exon 7 inclusion. Co-treatment with VPA reduced dimethylation and increased ASO-induced exon 7 inclusion. We did not assess local chromatin changes in the targeted regions. Furthermore, we target exonic regions in our study while Marasco et al. targeted an intronic region. In either case, we did not observe a clear effect of VPA treatment on exon-skipping levels but rather on dystrophin protein levels. This suggests that an effect like the one described for SMN2 intron 7 did not occur and that our positive effects are rather due to increased expression of dystrophin transcripts.

It has recently been reported that HDACi have an influence on the activity of other cell types present in the muscle tissue, such as fibro-adipogenic progenitors and muscle stem cells. 31 The altered microenvironment influenced by HDACi might improve general muscle tissue health and, concomitantly, result in improved delivery of the ASO and/or recovery of ASO-induced dystrophin protein. This potential positive effect of HDACi + VPA is not properly mimicked in the homogeneous in vitro myocyte cultures, potentially explaining why this model does not benefit from HDACi in similar fashion to our in vivo model system.

In conclusion, our results show a clear beneficial effect of VPA on the recovery of dystrophin protein in mdx mice after exon skipping and confirm that even short treatments with VPA have a noticeable effect on the chromatin marks present at the DMD locus. However, whether these two observations are causative or correlative is currently unclear and warrants further research into the epigenetic status of the Dmd locus in muscle tissue of VPA-treated mdx mice. Moreover, it would be useful to evaluate the functional outcomes of this increased dystrophin expression in future studies.

Considering that the HDACi used in this study have either been approved in the clinic (VPA) or are being evaluated in late-stage clinical trials (givinostat), this work provides encouraging data supporting a future combined therapy which could be rapidly translated to the clinic.

MATERIALS AND METHODS

Antisense oligonucleotides and animal experiments

Animal procedures were performed in accordance with national and European legislation, approved by the French government (Ministère de l'Enseignement Supérieur et de la Recherche, Autorisation APAFiS #6518). Mdx (C57BL/10ScSc-Dmdmdx/J) mice were bred in our animal facility at the Plateforme 2Care, UFR des Sciences de la Santé, Université de Versailles Saint Quentin, and were maintained in a standard 12:12-h light/dark cycle with free access to food and water.

Mice were weaned at weeks 4-5 postnatal, and 2-5 individuals were housed per cage.

tcDNA-ASO targeting the donor splice site of exon 23 of the mouse dystrophin pre-mRNA 32 were synthesized by SQY Therapeutics (Montigny le Bretonneux, France). Palmitic acid was conjugated at the 5 0 end of tcDNA-PO via a C6-amino linker and a phosphorothioate bond as previously described. 9

Groups of 8-to 10-week-old mdx mice were treated with HDAC inhibitors or saline (n = 7 mice per group) for 5 weeks as follows: VPA (Santa Cruz, dissolved in PBS and used at a final concentration of 500 mg/kg/day) and EX527, also known as Selisistat or SEN0014196 (ADOOQ Bioscience, dissolved in PBS 2% dimethyl sulfoxide [DMSO] and used at a final concentration of 2 mg/kg/day) were injected i.p. five times per week as previously described; 19,20 givinostat (ADOOQ Bioscience. dissolved in H 2 O 2% DMSO and used at a final concentration of 10 mg/kg/day) was administered by oral gavage as previously described. 13 After the first week of HDACi treatment, mice were treated with ASO (one intravenous injection per week at 25 mg/kg/week under general anesthesia using 2% isoflurane). Agematched mdx groups receiving an equivalent volume of sterile saline were included as controls, and C57BL/10 mice were included as WT controls.

Animals were euthanized 2 weeks after the last ASO injection; thereafter, muscles and tissues were harvested and snap-frozen in liquid-nitrogen-cooled isopentane and stored at À80 C before further analysis. To assess the biodistribution of the ASO treatment, kidneys were sampled at the end of the protocol, fixed in 10% neutral buffered formalin, and embedded in paraffin wax. Blood samples were also collected at the end of the treatment for MYOM-3 and biochemistry analysis. Analyses of serum ALT, AST, ALP, bilirubin, creatinine, urea, and albumin levels were performed by the pathology laboratory at the Mary Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK.

ASO quantification by fluorescent hybridization assay

Tissues were homogenized using the Precellys 24 (Bertin Instruments, France) in lysis buffer (100 mmol/L Tris-HCl [pH 8.5], 200 mmol/L NaCl, 5 mmol/L EDTA, 0.2% SDS) containing 2 mg/ mL of proteinase K (Invitrogen) (50 mg tissue/mL of buffer), followed by incubation overnight at 55 C in a hybridization oven. After centrifugation at 7,000 Â g (Sorval ST 8R centrifuge, 75005719 rotor) for 15 min, the supernatant was used in the assay. Quantification of ASO was performed using a hybridization assay with a molecular beacon probe, as previously described. 23 In brief, 10 mL of tissue lysates or serum was incubated with a 5 0 Cy3-DNA complementary probe conjugated with HBQ quencher at 3 0 in black non-binding 96-well plates (Thermo Fisher Scientific, USA). PBS was added to a final volume of 100 mL per well, and fluorescence was measured on a spectrophotometer (excitation 544 nm/emission 590 nm using FluoStar Omega). The amount of tcDNA in tissues was determined using a standard curve built on the measurement of known tcDNA quantities dissolved in the respective tissue lysates of mock-injected animals.

RNA analysis

Total RNA was isolated from snap-frozen muscle tissues using TRIzol reagent according to the manufacturer's instructions (Thermo Fisher Scientific).

To visualize exon-skipping levels, aliquots of 500 ng of total RNA were used for RT-PCR analysis using the Access RT-PCR System (Promega, USA) in a 25-mL reaction using the external primers Ex 20Fo (5 0 -CAG AAT TCT GCC AAT TGC TGA G-3 0 ) and Ex 26Ro (5 0 -TTC TTC AGC TTG TGT CAT CC-3 0 ). The cDNA synthesis was carried out at 45 C for 45 min, directly followed by the primary PCR of 29 cycles of 95 C (30 s), 55 C (1 min), and 72 C (2 min). 1.5 mL of these reactions was then reamplified in nested PCRs by 24 cycles of 95 C (30 s), 55 C (1 min), and 72 C (2 min) using the internal primers Ex 20Fi (5 0 -CCC AGT CTA CCA CCC TAT CAG AGC-3 0 ) and Ex 26Ri (5 0 -CCT GCC TTT AAG GCT TCC TT-3 0 ). PCR products were analyzed on 1.5% agarose gels with ethidium bromide.

Exon 23 skipping levels were quantified using real-time qPCR using TaqMan assays designed against the exon 23-24 junction and exon 22-24 junction as previously described. 9 Seventy nanograms of cDNA was used as input per reaction, and all assays were carried out in triplicate. Assays were performed under fast cycling conditions on a Bio-Rad CFX384 Touch Real-Time PCR Detection System, and all data were analyzed using the absolute copy number method. For a given sample the copy number of skipped product (exon 22-24 assay) and unskipped product (exon 23-24 assay) were determined using the standards Ex20-26 and Ex20-26Delta23 respectively (gBlocks gene fragments from Integrated DNA Technologies). Exon 23 Exon-skipping levels of samples derived from in vitro cultures were determined using RT-PCR with exon-specific primers (Table S1) followed by analysis of skipping ratios using an Agilent Femto Pulse. Peaks were called, and molarity of each PCR product was determined using the corresponding ProSize data analysis software (Agilent). Further data analysis and visualization was performed using GraphPad Prism version 9.

Follistatin quantification was performed using real-time qPCR using TaqMan assays (Mm.PT.58.11399784 from IDT). DDCt analysis was performed with GAPDH as normalization.

Western blot analysis

Protein lysates were obtained from intervening muscle sections collected during cryosection using the Precellys 24 (Bertin Instruments) in RIPA buffer (Thermo Fisher Scientific) complemented with SDS powder (5% final) (Bio-Rad, France) and protease inhibitor cocktail (Thermo Fisher Scientific). Protein extracts were denatured at 100 C for 3 min and centrifuged at 13,000 rpm for 10 min at 10 C. Supernatants were collected, and the total protein concentration was determined with the BCA Protein Assay Kit (Thermo Fisher Scientific). Twenty-five micrograms of protein was loaded onto NuPAGE 3%-8% Tris-acetate protein gels (Invitrogen), following the manufacturer's instructions. Dystrophin protein was stained using iBind Flax Western Device (Thermo Fisher Scientific), and the membrane was labeled with NCL-DYS1 primary monoclonal antibody (NCL-DYS1, dilution 1:200; Novocastra, Newcastle, UK) and hVin-1 primary antibody (dilution 1:4,000; Sigma), followed by incubation with a goat anti-mouse secondary antibody (IRDye 800CW Goat anti-mouse immunoglobulin G [IgG], dilution 1:2,000; Li-Cor, Germany). Bands were visualized using the Odyssey CLx system (Li-Cor), and quantification was carried out using the Empiria Studio software (Li-Cor) based on a standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue.

For myomesin-3 detection, mouse sera were diluted at 1:20 before loading onto 3%-8% Criterion XT Tris-Acetate Protein Gel, following the manufacturer's instructions (Bio-Rad). Myomesin-3 protein was detected by probing the nitrocellulose membrane with MYOM3 primary rabbit polyclonal antibody (MYOM3; Proteintech, Manchester, UK), followed by incubation with a goat anti-rabbit secondary antibody (IRDye 800CW Goat anti-rabbit IgG; Li-Cor). Bands were visualized using the Odyssey Imaging System (Biosciences, Lincoln, NE, USA). Signal intensities in treated samples were quantified and normalized to PBS control mouse signals using Image Studio software (Li-Cor).

For protein samples derived from in vitro cell cultures, cells were lysed in 1Â Laemmli sample buffer (2% SDS, 10% glycerol, 60 mM Tris [pH 6.8]) and denatured at 95 C. After normalization of protein concentration determined by the BCA Protein Assay Kit, samples were supplemented with 2% b-mercaptoethanol and 0.01% bromophenol blue prior to PAGE. The Immobulon-FL PVDF membrane (Merck-Millipore) was probed for dystrophin using ab154168 (Abcam) and tubulin T6199 (Sigma-Aldrich) in Takara immunobooster (Takara), followed by secondary antibodies donkey-a-Rabbit IRDye-800CW and donkey-a-Mouse IRDye-680RD (926-68072). The membrane was visualized using an Odyssey CLx infrared imaging system (Li-Cor) and analyzed using the accompanying Image Studio software v5.2 (Li-Cor).

Immunohistochemistry analysis

Sections of 10 mm were cut from triceps and heart and examined for dystrophin expression using the rabbit polyclonal antibody dystrophin (dilution 1:500; Thermo Fisher Scientific, cat. no. RB-9024-P), which was then detected by donkey anti-rabbit IgG Alexa 594 (dilution 1:400; Jackson ImmunoResearch). Controls prepared by omitting primary antibody showed no specific staining. Images were taken at equivalent locations and exposure times using a Zeiss Axio Imager with an Orkan camera (Hamamatsu) and AxioVision software, and analyzed with ImageJ software.

To visualize ASO in kidney, 5-mm sections were cut from paraffin blocks, dewaxed (3Â 5 min in xylene and 3Â 3 min in ethanol 100) and stained with a complementary DNA probe fluorescently labeled with Alexa 594. Controls prepared by omitting the probe showed no specific staining. Scans were taken at equivalent exposure times using an IX83 inverted microscope (Olympus) with an Orca-R2 camera (Hamamatsu) and cellSens Dimension software.

For measurement of muscle fiber size, sections of 10 mm were cut from triceps and stained with the rabbit polyclonal antibody laminin (dilution 

Chromatin immunoprecipitation

ChIP-qPCR was performed as previously described. 36 In brief, after described treatments cells were crosslinked for 10 min by addition of formaldehyde to 1% final concentration. Fixation was quenched by addition of 125 mM glycine, after which cells were washed in cold PBS and collected. Nuclei were liberated from cells by resuspension in NP-ChIP buffer (150 mM NaCl, 5 mm EDTA, 0.5% Igepal CA-630, 1% Triton X-100 in 50 mM Tris-HCl [pH 7.5]), which were sheared for 25 cycles (30 s on, 30 s off) using a Bioruptor Pico (Diagenode). For each histone mark described, 3 mg of chromatin was precleared and incubated with antibodies (Table S2) overnight. Chromatin-antibody immunocomplexes were captured for 2 h using 20 mL of a mix of protein A and protein G Dynabeads (Life Technologies) at a 3:1 ratio. S1) and SensiMix Sybr HI-ROX (Bioline), run in a CFX-384 Real-Time PCR system (Bio-Rad). Values from histone ChIP samples were normalized to corresponding input samples using DCt calculations.

Statistical analysis

All in vivo data were analyzed with GraphPad Prism8 software (GraphPad, San Diego, CA, USA) and expressed as means ± SEM.

"n" refers to the number of mice per group.

Group comparisons were performed using one-and two-way ANOVA with repeated-measures comparisons when needed (e.g., effects at different exon junctions or in different muscle tissues), followed by post hoc Dunnett's or Sidak's multiple comparisons when appropriate.

To compare the overall effect of two treatments across the different tissues or different exon junctions, the two groups were directly compared using a two-way ANOVA, and the p value of the treatment effect is indicated in the figure legends. The Kruskal-Wallis test was used to compare groups that did not follow a normal distribution (assessed with the Shapiro-Wilk test).

The statistical analysis of gene expression and transcript imbalance assessed by qPCR at various exon-exon junctions was also performed using a linear model, in which exons were included as a covariate (continuous) and group was included as a factor. Pairwise contrasts were assessed using the emmeans R package, and multiple testing correction was performed with the Tukey method.

Statistical analysis of all in vitro data was performed using GraphPad Prism version 9. Kruskal-Wallis test followed by Dunn's multiple correction was performed as indicated. Repeated-measures (RM)-A-NOVA was used as indicated. 160 Gene expression was normalized to housekeeping genes GUSB and GAPDH.

165 weeks and were treated with VPA 5 times per week during 1 month, followed by 3 times per week during the second month and 1 time per week the last month (Figure 13A). The number of VPA injections was decreased over time because of its accumulation and to avoid potential toxicities. VPA's half-life is estimated between 11 and 20 hours in tissues (Bentué-Ferrer et al. 2010), so the drug is eliminated at 99% after 3.2 to 5.8 days.

Two weeks after the last injection of TC-DNA, mice were sacrificed and tissues were collected.

The ASO biodistribution study performed in muscles and off target organs confirmed the data obtained in the 4 weeks study with a decreased accumulation in the kidney but we also found here higher amount of ASO in the heart compared to treatment with ASO alone (Figure 13B). The quantification of exon skipping revealed higher levels in all muscles examined appart from the diaphragm after treatment with ASO+VPA as compared to treatment with ASO alone (Figure 13C). This effect on RNA was confirmed with the quantification of dystrophin restored in the tissues (global P-value<0.0001 ASO+VPA vs ASO)

(Figure 13D). The heart had the highest level of dystrophin restoration (2-fold increase compared to ASO alone) and no difference was found between the 2 treatments in the diaphragm. We then investigated the effect of VPA on the imbalance phenomena and quantified the level of dmd RNA at the various exon junctions (Figure 13E). In contrast with the results obtained in the 4-week study, no significant differences emerged in diaphragm, triceps or heart. We could only detect slightly higher levels of transcripts in the heart of ASO+VPA compared to mdx or ASO alone, but the trend was not statistically significant. Moreover, TA muscles from control mdx mice were unable to sustain tetanic tension, falling to 72% of their initial force after fifteen eccentric contractions (Figure 14C right). The bitherapy significantly improved the resistance to tetanic contractions since treated TA muscles maintained 89% of their force following the eccentric contractions (P-value = 0.0005).

Safety pharmacological evaluation is a crucial aspect in the development of a new drug or new medical practice. We used this long term study to perform a preliminary assessment of the safety profile of the bi-therapy, in particular focussing on hepatotoxicity and nephrotoxicity which are most frequently found. The serum levels of various general biomarkers in mice were analyzed. The serum levels of transaminases (ALT and AST, biomarkers of liver toxicity) were lower in ASO treated mice, which is a consequence of the efficacy of the treatment. Apart from these positive effects resulting from the improved dystrophic pathology of treated mdx mice, we observed no significant difference in bilirubin, alkaline phosphatase (ALP), albumin, creatinine and urea of treated mice compared to mdx control mice (Figure 15A). The only toxicity we found was an elevation of the serum creatine kinase (CK) in VPA treated mice, a side effect already described in human patients treated with VPA (Gokcay, Kirlioglu, and Balcioglu 2020) and which may be due to a too high dose exposure of the drug.

In order to investigate further the potential renal toxicity of the bi-therapy, several biomarkers were examined in the urine of the treated mice. Urine were collected during the 24h following the last injection and levels of total protein and albumin were measured and normalized to creatinine levels (Figure 15B). No changes in normalized total protein levels were found after treatment. Urinary albumin levels appeared elevated in mdx mice compared to the WT ones. The levels were normalized by the TC-DNA ASO treatment (P-value 1=0.0350) but slightly increased by VPA (although not significantly, P-value= 0.0583).

The overall objective of my thesis was to improve exon skipping therapy for the treatment of Duchenne muscular dystrophy. To this end, I focused my research on combined therapies and evaluated molecules with three different mechanisms. The first one aimed to improve the distribution of the ASO in the target tissus by inhibiting its renal clearance, the second one used an endosomal escape activator to modulate the ASO's intracellular trafficking and increase the quantity of ASO in the nucleus and the last mechanism aimed at correcting the imbalance phenomena and produce more dystrophin RNA in the target cells.

The discussion of the results obtained with all these methods will be divided in two sections:

 the first will recall the context and objectives of each of the studies and will discuss the mains results obtained  the second will discuss the more general aspects of my thesis projetcs and will put the results into perspective.

Inhibition of organic anion transporter to increase tricyclo-DNA mediated exonskipping efficacy in the mdx mouse model ASO-mediated exon skipping therapy has made a lot of progress in the treatment of DMD and has led to the approval of four drugs by the FDA and the Japanese health authority but not by the European authority due their poor efficacy. One of the hypothesis that could explain the low benefit of these drugs may be their fast renal clearance. Indeed, approved ASO are fastly excreted in urine as unmodified drug, with the largest amount excreted during the first 4 hours after a patient's infusion is started (Wagner et al. 2021). In this study we sought to delay this elimination in order to allow time for the ASOs to diffuse into the target organs.

One method used to delay the ASO's elimination is to bind ASO with peptides. Vesleteplirsen developped by Sarepta Therapeutics uses this method and is currently tested in clinic.

Unfortunately, the peptides used to improve the ASO distribution are charged; therefore they can not be link to charged ASO (like TC-DNA). The second family of molecules that we may use to delay the elimination of ASOs and to improve their distribution in the target tissues are the fatty acids. To this end, palmitic acid has already been conjugated to TC-DNA and shown to improve the therapeutic index (Relizani et al. 2022). Still, 20% of the palm conjugated TC-DNA ASO are eliminated in the urine during the first 40 hours post injection.

To understand how the TC-DNA ASO linked to the plamitic acid are eliminated in the urine, we investigated its localization in the kidney. Histological stainings performed with a fluorescent complementary probe showed that the ASO is especially found in the proximal convoluted tubules of the kidney. This localization is in line with the renal elimination process of the ASO because most of organics anions are transfered from the blood to the urine in the convoluted tubules (Dresser, Leabman, and Giacomini 2001). This tubular secretion of the anion molecules is mainly performed by the OATs which are localized at the basolateral membrane of renal epithelial cells (the membrane in contact with the blood). The colocalization obtained between the TC-DNA ASOs and the OAT channel (OAT1) in the kidney seems to confirm this way of elimination. Therefore, we hypothesized that inhibition of OATs may enhance biodistribution and delay renal elimination of TC-DNA ASOs. To test this hypothesis, we have treated mice with a combination of palm-TC-DNA ASO and probenecid (a competitive inhibitor of all OAT channels).

Unfortunaltely, the analysis of ASO biodistribution performed at both early time point (24h post 1 injection) and mid time point (2 weeks post 4 injections) as well as the exon skipping efficacy analyzed at mid time point showed that probenecid did not significantly improve TC-DNA ASO mediated exon skipping therapy. In parralel, immunostaining of TC-DNA ASO in the kidney showed more ASO accumulated in the Bowman's capsule. Bowman's capsule is involved in almost 10% of the renal anion molecule elimination process (Dresser, Leabman, and Giacomini 2001). An increasing level of TC-DNA ASO in this localization may be a compensation process of the OAT inhibition (normal one or toxic one). The failure of blocking OAT to improve ASO therapy might be caused by this process. Furthermore, a renal toxicity study should be performed to investigate the possibility of a nephrotoxicity process as underlying cause of the TC-DNA accumulation in the Bowman's capsule. The accumulation of TC-DNA ASO in the Bowman's capsule observed with the bi-therapy shows that TC-DNA ASO are not eliminated by passive transfer from the blood to the urine in the glomerulus before their reabsorption in the proximal convoluted tubules (as first generation PS-ASO may be [START_REF] Engelhardt | Comparative Renal Toxicopathology of Antisense Oligonucleotides[END_REF]). Indeed, if the ASO were eliminated in the glomerulus, probenecid would have increased their eliminination by bloking the OAT channels involved in the reabsoption of the anion in the kidney. It is by this mechanism of action that probenecid increases uric acid elimination in the kidney and treats gout [START_REF] Pui | Efficacy and Tolerability of Probenecid as Urate-Lowering Therapy in Gout; Clinical Experience in High-Prevalence Population[END_REF].

The general biodistribution of TC-DNA shows that the liver is the second off target organ where the ASO are accumulated. In this study, we did not investigate the localization of the ASO in this organ because we did not aim to modify it but the histological results obtained in the kidney and the fact that OAT3 transporter is also present in the liver make this analysis relevant. Indeed, OAT3 is with OAT1 one of the main transporter involved in the kidney tubular secretion of the anion's molecule but it also plays a central role in the movement of bile acid through the "intestinal-liver-kidney" axis and is involved in the absorption, metabolism, and excretion of bile acids [START_REF] Li | Overview of Organic Anion Transporters and Organic Anion Transporter Polypeptides and Their Roles in the Liver[END_REF]. The inhibition of OAT3 by the probenecid may have impacted the ASO distribution in the liver tissue with an accumulation in other cells type (like in hepatocytes).

In conclusion, OAT inhibition failed to improve exon skipping therapy in the muscle but changed the ASO distribution in the kidney (and maybe in the liver too). Other investigations are needed to elucidate whether its new localization is linked to toxicity or not and whether this combined therapy may be used to improve the treatment of renal or liver diseases.

Oligonucleotide enhancing compound increases tricyclo-DNA mediated exon-skipping efficacy in the mdx mouse model

During our first study, we tried to improve ASO biodistribution to tissues, which is one of the first causes for the low efficiency of ASOs in clinic. To reach this objective in liver, some ASOs have been conjugated to an N-Acetylgalactosamine, a sugar wich binds to trimeric asialoglycoprotein receptors in the liver. By this method, a large number of ASO manage to enter the hepatocytes. Unfortunately, cell penetration occurs through the endosomal pathway and less than 0.01% of ASOs manage to escape from endosomes to reach their targets [START_REF] Dowdy | Overcoming Cellular Barriers for RNA Therapeutics[END_REF]. In this study, we therefore focused on this second limitation of ASO efficacy and we tried to improve the endosomal escape of the molecules with an endosomal escape promotor: UNC7938.

UNC7938 is a 3-deazapteridine analog developped at the university of North Carolina (Yang et al. 2015). In contradistinction to the 'proton sponge' effect, which physically disrupts lysosomes and late endosomes due to pH changes and swelling, UNC7938 acts on a specific target in the endomembrane system (Yang et al. 2015). Indeed, UNC7938 preferentially destabilizes the membrane of late endosomes by binding to lysobisphosphatidic acid [START_REF] Allen | Cytosolic Delivery of Macromolecules in Live Human Cells Using the Combined Endosomal Escape Activities of a Small Molecule and Cell Penetrating Peptides[END_REF]Juliano 2021), a lipid found predominately in late endosome membrane and involved in the endosomal escape of molecules like cholesterol [START_REF] Chevallier | Lysobisphosphatidic Acid Controls Endosomal Cholesterol Levels*[END_REF].

After 4 weeks of treatment, the combined ASO+UNC7938 induced significantly higher exon skipping level (1.59 fold-change) and dystrophin restoration levels (2.75 fold-change) in the heart compared to ASO therapy alone. Moreover, the quantification of cellular (which combined endosomal and cytoplasmic fraction) and nuclear amount of ASO performed on skeletal muscle has shown a higher quantity of TC-DNA ASO in the nucleus of mice treated with the combined therapy. These results may be in line with our hypothesis that UNC7938 treatment may decrease the quantity of ASO trapped in the endosome (almost 99% of the ASO as previously discussed). Indeed, by increasing the ASO quantity in the cellular cytoplasm, UNC7938 may statistically increase the quantity of ASO which diffuse to the nucleus where their target is located. To investigate the effects of UNC7938 on ASO intracellular distribution, muscles of treated mice have been stained with a complementary fluorescent probe. Unfortunatelly, the amount of ASO localised in muscle cells were under the detection level of our microscope and we did not manage to see the effect of the combined therapy on the cellular trafficking of the ASO at the histological level.

To investigate whether higher dystrophin restoration was stable with time, we performed a kinetics study and euthanized mice from 72h to 6 weeks post treatment. The quantification of ASO in different tissues showed that ASO distribution is not affected by UNC7938 at the very early time point (72h). Between 1 and 3 weeks post treatment, ASOs seem to be less degraded / eliminated when the oligonucleotide enhancing compound is administered. This data may be linked to a higher quantity of ASO released in the cytoplasm before their degradation in the lysosomes. To confirm this hypothesis, we have monitored ASO activity by qPCR. The quantification of exon-skipping levels shows that UNC7938 has a strong booster effect on ASO therapy especially in the early time points. Indeed, the amount of corrected mRNA is significantly increased at the early time point (4.40 fold change in the heart at 72h post treatment) but not at 6 weeks post treatment. Quantification of dystrophin restoration level has shown the same trend than exon skipping level with an improvement of the treatment at the early time point and no effect after 6 weeks. This result may be explained by the ''depot effect'' which takes place during ASO therapy (Dowdy et al. 2022). This phenomenon is characterized by a slow release of the ASO accumulated in the endosomes.

That way, a small quantity of ASO diffuses in the cytoplasm and goes in the nucleus of the cell several weeks or months after the injections. This phenomenon is believed to contribute to the maintenance of ASO therapeutic effect over time. By increasing the endosomal escape, we boosted the early effect of the ASO (as shown during the first time points of the kinetic) but we have reduced the "endosomal stock" of ASO. By consequence, the ''depot effect'' was reduced/suppressed and the maintenance of effects on RNA (exon skipping level) was lost with time.

During our preliminary study of 4 weeks of treatment, we saw a significant effect of UNC7938 to improve the ASO efficacy in the heart. To investigate the consequences of this improvement in the heart and to ensure that the benefit of the combined therapy still exists after a longer time of treatment (even if we lost the ''depot effect''), we performed a 12 weeks study. This study was performed on older mice to allow the functional analysis of the heart, since cardiac symptoms only start at six months of age in mdx mice). One week after the end of the treatment, heart function was monitored and two week after the end of the treatment tissues were harvested to perform molecular analysis.

In contrast with results observed during the preliminary study, exon skipping levels analysed at the end of the long term study were similar between the two groups of mice (mice injected with TC-DNA alone or in combination with UNC7938). This result may be explained by a higher level of corrected mRNA (so less place to improve it) and by a suboptimal time point for RNA analysis. Indeed, during the kinetics, we saw that the highest effects on exon skipping level were obtained during the earliest time points and were lost after few days. The time point we chose was optimized to measure the protein restoration level but not the exon skipping one.

Analysis of dystrophin restoration showed an effect of UNC7938 especially in the heart (+31%), the diaphragm (58%) and the triceps (+82%). This effect of high dystrophin restoration level in the heart, although not statistically significant, was very promising. To evaluate the localization of the expressed protein, we performed an immunostaining in the triceps muscle and heart. The dystrophin localisation was correct in both groups of mice (treated with ASO alone or in combination with UNC7938) and the mean intensity was higher with the combined therapy; which confirms the effects observed by western blot.

Finally, we investigated the heart function by electrocardiography which revealed that the untreated mdx mice (saline group) had alterations of Tei index, systolic pulse pressure, left ventricular ejection fraction and fractional shortening. Mice treated with the combined therapy presented a significant improvement of the heart function with almost no detectable symptoms (no statistical differences were found with the WT group for all parameters). Mice treated with TC-DNA ASO alone had less severe symptoms but the differences with the saline group were not significant. Mice treated with UNC7938 only were as sick as the saline mdx which proves that effects obtained with the combined therapy was not caused by intrinsic effect of UNC7938 in the heart but by the improvement of the ASO mediated therapy.

Molecular and functional effects obtained with the combined therapy UNC7938 and TC-DNA ASO are very interesting and should be put into perspective with the main cause of death of DMD patients, which is cardiac dysfunction (cardiomyopathy). Being able to restore heart function may truly increase their life expectancy but, to achieve this objective we should ensure that this new combined therapy does not increase the toxicity as well. By consequence a toxicity study of each compound and of their combination should be performed before entering in clinic. Indeed, the main limitations of endosomal escape enhancers are their toxicity. The first molecules used to increase endosomal escape were not specific to the endosomes and led to the disruption of lysosomes which is known to cause activation of the inflammasome and generation of inflammatory mediators and cell death [START_REF] Dowling | Biochemical Regulation of the Inflammasome[END_REF]. To avoid this toxicity, some molecules that do not disrupt lysosomes (or less)

were tested like melittin which forms a pore through the cell membrane or dynamic polyconjugate polymers which lyses the entire endosomes by modifying their pH. Both molecules have shown high cytotoxicity and their development stopped (Dowdy et al. 2022).

To ensure that our combined therapy is not as toxic as the other endosomal escape enhancers, we performed a preliminary toxicity study. Various biomarkers were measured in both serum and urine and the histopathological profile of the liver and kidneys was studied in mice treated for 12 weeks. No toxicity was found during this study, which is a good sign for future clinical development of a combined therapy: ASO with endosomal escape promotor.

As we saw during the kinetic study, UNC7938 boosts the efficacy of our ASO during the early time point but reduces/cancels the ''depot effect'' of the ASOs. In order to decrease the toxicity mediated by a combined therapy and to preserve the ''depot effect'' of the ASO; effect which may be important for the long term efficacy of the ASO or to delay the time between two injections, an additional study would be useful. In this study we should analyse when the maximal level of skipped RNA is obtained (after how many injections) in order to stop the UNC7938 co-treatment after this point and use the ''depot effect'' to maintain the effect as long as possible. That way, patients will have a maximum level of protein restoration as fast as possible; which is important to stop the evolution of the disease; and a longer period of time between injections (with the "depot effect") so less toxicity and side effects induced by repeated injections.

Histone deacetylase inhibitors improve antisense-mediated exon skipping efficacy in mdx mice

During our first studies, we tried to improve the in-vivo distribution of ASOs (in the target organs or in cells with endosomal escape promotor), which is one of the first cause of the low efficiency of ASOs in clinic. In this study we did not focus on ASO distribution but we tried to modulate the expression of the DMD gene to increase the protein restoration level. For that purpose, three histone deacetylase inhibitors have been tested: givinostat (a pan HDACi), valproic acid (class I/IIa HDACi) and EX527 (class III HDACi).

The analysis of DMD transcript profile in muscle biopsies of 11 BMD patients carrying heterogeneous mutations within the DMD gene has shown a significant reduction in DMD transcript levels toward the end of the gene in three patients [START_REF] Hamed | DNA Sequence Analysis for Structure/Function and Mutation Studies in Becker Muscular Dystrophy[END_REF]). This phenomenon is called imbalance and is characterized by a reduced dystrophin RNA quantity produced from the 5' to the 3' end of the sequence. The causes of the imbalance phenomenon are unclear but it seems to be independent of the mutation in the DMD gene (BMD patients have no premature stop codon in the mRNA sequence and the 3 patients of the study had different mutations). In the same time, the three patients showed a reduced production of dystrophin protein, which may be linked to the reduced production of fulllength dystrophin RNA [START_REF] Hamed | DNA Sequence Analysis for Structure/Function and Mutation Studies in Becker Muscular Dystrophy[END_REF]. The transcript imbalance phenomenon has been characterized in skeletal muscle and heart of WT and mdx mice and has been shown to be more severe in mdx mice (Spitali et al. 2013). In another study performed on mdx mice, it has been shown that this phenomenon increases with age (with a more severe imbalance phenomenon in mice of 10 months compared to the ones of 2 months of age) and is linked to a modification in histone conformation on the dystrophin gene (García-Rodríguez et al.

2020

). Moreover, this study was the first to show a beneficial effect of HDACi for the correction of the imbalance phenomenon.

During our in-vitro study performed on human myocytes, we observed an increase in H3K9 acetylation levels of the DMD gene upon treatment with a combination of ASO and VPA as assessed by ChIP-qPCR. During the 4-week study performed in mdx mice, the quantification of dystrophin mRNA level confirmed the data obtained in vitro and showed an increased level of transcripts in VPA co-treated muscles. These results are in line with our hypothesis that HDACi could increase the level of Dmd transcript and ultimately improve the exonskipping approach efficacy. Surprisingly, the effects of VPA on the imbalance phenomenon were not found in the long term study. This result may be the consequence of the reduction of the dose of VPA injected over time and/or of the short half-life of the DMD mRNA. Indeed, compared to its transcription which takes 16 hours, the half-life of the dystrophin mRNA is very short in muscles of mdx mice: only few hours [START_REF] Hildyard | Multiplex in Situ Hybridization within a Single Transcript: RNAscope Reveals Dystrophin MRNA Dynamics[END_REF]. The objectives of our in-vivo studies were to investigate the effects of HDACi on ASO mediated exon skipping efficacy, on protein restoration level and (for the long term study) on muscle function. For these reasons, the time point of "2 weeks after the end of the treatment" was selected.

However, to specifically study the impact of VPA on dystrophin mRNA production, a subsequent study with mice analyzed just after the last injection of VPA would be needed.

The combined ASO+givinostat and ASO+VPA treatment induced significantly higher dystrophin restoration levels than ASO therapy alone (1.7 and 1.4 fold respectively after 4 weeks of treatment) as detected by western blot. Restoration of dystrophin was also confirmed by immuno-histochemistry which did not reveal more dystrophin positive fibers in muscles from HDACi co-treated mice but rather higher intensity of staining. This result suggests that the increase in dystrophin recovery is a consequence of higher intracellular levels of dystrophin rather than higher number of cells expressing dystrophin. This is in line with our hypothesis that HDACi treatment may increase available mRNA (leading to increased dystrophin production in each targeted nucleus) rather than having an impact on ASO biodistribution which would have led to more dystrophin positive fibers.

To investigate whether higher dystrophin restoration could have been due to unexpected higher uptake of ASO in muscle tissues, we examined ASO biodistribution after combined therapies. After 4 weeks of treatment, ASO amount in target muscle tissues was not altered by any of the HDACi. Unexpectedly, a higher level of ASO was found in heart of mice treated with VPA + ASO during 12 weeks. This phenomenon might be linked to the high restoration level of dystrophin obtained with the combined therapy. The production of dystrophin may indeed decrease the local inflammation caused by the muscle fibrosis and decrease the recruitment of inflammatory cells. Inflammatory cells may degrade the ASO before penetration into the heart cells. Further studies will be required to determine the underlying mechanisms.

VPA treatment reduced the amount of ASO accumulated in kidneys too. Since more ASO were found in the urine of VPA treated mice, we hypothesize that this decrease in ASO accumulation in the kidney maybe caused by higher renal clearance. While further work will be required to determine the underlying mechanisms, this represents an interesting advantage for the combined ASO+VPA therapy that shows a 4-fold increase in the benefit/risk ratio.

To investigate whether higher dystrophin restoration obtained with VPA may improve muscle function, we performed an extension study of 12 weeks. During this protocol, the improvement of dystrophin restoration with VPA was confirmed by both western blot and immunohistochemistry but with high variability between muscles. For example, dystrophin was improved by +22% in tibialis anterior and by +175% in gastrocnemius muscles. Tibialis anterior muscle of mice treated with the combination VPA and TC-DNA showed a higher maximal specific force and a higher resistance to eccentric contraction compared to untreated mice. This confirmed the functionality of the restored protein and validated the potential of HDACi to improve ASO therapy. However the low difference in protein recovery obtained between mice treated with ASO or with ASO+VPA cannot explain by itself the difference in functional recovery. We speculate that VPA activates other pathways which help to improve muscle function and decrease muscle damage (like follistatin up-regulation). This would also explain the reduction of myomesine in serum of mice treated with VPA alone, which suggest an beficial effect of VPA treatment on its own.

Inhibition of HDAC2 as well as reconstitution of the dystrophin-NOS signalling has been shown to result in de-repression of follistatin [START_REF] Colussi | HDAC2 Blockade by Nitric Oxide and Histone Deacetylase Inhibitors Reveals a Common Target in Duchenne Muscular Dystrophy Treatment[END_REF]. HDACi have also been shown to decrease fibrosis and promote compensatory regeneration in the mdx skeletal muscle through this follistatin up-regulation (Iezzi et al. 2004). In our 4-week study, we only detected a slight and not statistically significant up-regulation of dystrophin RNA production following HDACi treatment, suggesting that increased dystrophin protein expression was not directly linked to its RNA production. We further measured muscle fiber cross sectional area and demonstrated that givinostat indeed significantly increased fiber size area but not VPA. It is possible that the increased level of dystrophin detected in ASO + givinostat treated mice is due to its anti-inflamatory (corticoid like) effects which induce an overall improvement of muscle histopathology and the increase in fiber size. However cross sectional area was not significantly impacted by the VPA treatment suggesting a different underlying mechanism.

For that reason, follistatin expression may be monitored in the tissus of mice treated with VPA.

It has recently been reported that HDAC6 is involved in microtubule organization. Its inhibition with HDACi may stabilize the microtubule cytoskeleton network which will protect the muscle against contraction induced injury [START_REF] Osseni | Pharmacological Inhibition of HDAC6 Improves Muscle Phenotypes in Dystrophin-Deficient Mice by Downregulating TGF-β via Smad3 Acetylation[END_REF]. Since VPA is an inhibitor of HDAC6 (Sixto-López, Bello, and Correa-Basurto 2020), its effect on microtubule cytoskeleton combined with the effect on dystrophin restoration level may also contribute to the muscle function recovery.

Another recent study has shown that HDACi have an influence on the activity of other cell types that are present in muscle tissue, such as fibro-adipogenic progenitors and muscle stem cells. The altered microenvironment influenced by HDACi might improve muscle regeneration, decrease local inflammation, and induce extra cellular matrix remodeling (Consalvi et al. 2022). This effect may result in improved recovery of ASO-induced dystrophin protein and/or muscle function.

Valproic acid has its own intrinsic effect on the muscle which are independent of its HDACi effects (like givinostat and its corticoid-like effects). It has been shown on mdx; utr -/-mice that VPA activate Akt pathway which plays a central role in inhibiting muscle apoptosis.

Futhermore, VPA increases myofiber integrity that leads to less damage and thus less inflammation (less CD8-positive inflammatory cells) in muscle and this eventually results in decreased fibrosis (Gurpur et al. 2009). This effect of VPA may explain the decrease level of MOYM3 observed in serum of mice treated with VPA alone.

Our results showed a clear beneficial effect of VPA on the recovery of functional dystrophin protein in mdx mice after exon skipping, and confirmed that treatments with VPA have a noticeable effect on the chromatin marks present at the DMD locus. This improvement was associated with some toxicity too: an elevation of the serum creatine kinase was found in the serum of mice treated with VPA. This side effect has already been found in human patients treated with VPA and may be due to a too high dose exposure of the drug. Yet this was not associated with pathological liver or kidney function [START_REF] Gokcay | Valproate-Associated Isolated Serum Creatine Kinase Elevation[END_REF].

The quantification of albumin, creatinine and total protein in urine showed no kidney toxicity.

The histopathological profile of liver and kidney in treated mdx mice are ongoing to determine and evaluate the potential toxic response within the tissues.

Considering that VPA used in these studies has been approved in clinic, this work provides encouraging data supporting a future combined therapy which could be rapidly translated to the clinic.

General outlook

In this thesis I have tested different strategies to improve ASO based therapy. One of them failed to achieve our objectives (probenecid), but other ones showed more promising results

(valproic acid and UNC7938). This work provides encouraging data for the development of a combined therapy for the treatment of DMD especially since TC-DNA ASOs are entering clinical trials. However, further investigations on pharmacokinetic and on toxicity are necessary. For example, the timing of UNC7938 administration after ASO injection should be optimised. It would be interesting to see if it is possible to mix it with ASO in the same syringe to decrease the number of injections for the patients.

In this work, we have shown that VPA improves the efficiency of exon 23 skipping mediated by ASO in mdx mice. Indeed, the combined therapy is able to restore more dystrophin in the muscles of mdx mice. These molecular effects have led to a partial correction of the muscle phenotype with a significant improvement of the resistance to tetanic contractions. However another therapeutic pathway of VPA has not been investigated in this thesis: the neurological one. Indeed, VPA is an antiepileptic drug that is able to cross the blood brain barrier. Like DMD patients, mdx mice have neurological symptoms. Intracerebroventricular injection of ASO combined with VPA therapy may be tested to investigate the effect of VPA in the brain and to detect a potential benefit of the combined therapy for the treatment of the neurological deficits.

Considering that VPA and UNC7938 have two different mechanisms of action, it would be interesting to test the efficacy of the tri-therapy (ASO+VPA+UNC) to further increase ASO treatment efficacy. It is also possible to imagine that ASO may be conjugated with a peptide or a small molecule to increase its biodistribution and cellular trafficking, and at the same time, use an HDACi to increase the production of dystrophin RNA by the cells. All the molecules we tested use different pathways so a combination of two or three molecules is possible. The only limitation may be the toxicity. By consequence toxicity studies should be performed with all drugs (used alone and in combination with ASO) to ensure the safety of the treatment.

Toxicity is one of the most constraining limitations for the development of combination therapy. Indeed, increasing the number of molecules injected leads to enhanced effects of the treatment but increase in toxicity too. This limit is all the more important to take into account when the products have similar toxicological profiles. Indeed, the combined therapy we tested may have increased the toxicity of our ASO by modulating its pharmacokinetic and pharmacodynamic properties. The toxicity of ASO may be divided in three pathways [START_REF] Andersson | Preclinical Safety Assessment of Therapeutic Oligonucleotides[END_REF]):

1. Sequence and hybridization dependent 2. Sequence and hybridization independent 3. Sequence dependent, but hybridization independent These pathways may be impacted by the co-administration of compounds wich modify the pharmacological activity of the ASOs. The on-target and off-target toxicity which are sequence and hybridization dependents may be increased by endosomal escape promoters or by strategies which increase the quantity of ASO in cells. Indeed, some chemical modifications used to slow the tissue elimination and extended the effect duration of ASOs increased this toxicity [START_REF] Andersson | Preclinical Safety Assessment of Therapeutic Oligonucleotides[END_REF].

With probenecid, we have tried to decrease the elimination of ASOs and therefore increase the time and the amount of ASOs in circulation. The prolongation of coagulation time and the activation of the alternative complement system are sequence and hybridization independent toxicities of ASO which are dependant of ASO plasma concentration [START_REF] Andersson | Preclinical Safety Assessment of Therapeutic Oligonucleotides[END_REF]. By consequence, increasing circulation time of ASOs may increase the toxicity of ASOs and patients may experience significant drops in blood pressure and vascular inflammation.

With the endosomal escape promoter, we tried to increase the productive fraction of ASO by increasing its quantity into the cells. This cellular accumulation of ASO may also lead to toxicity. Indeed, in the case of gapmer ASO that work via RNase H recruitment, the use of endosomal escape compound increasing the intracellular amount of gapmer ASO may induce an exaggerated RNase H activity resulting from non-selective hybridization [START_REF] Andersson | Preclinical Safety Assessment of Therapeutic Oligonucleotides[END_REF].

In addition to increasing the toxicity of ASOs, the molecules used in the bi-therapy may be toxic by themselves. During the 12 weeks study experience, we observed an increase level of CK in mice treated with VPA. This effect did not seem to be related to the administration of ASO but was a unique consequence of doses of VPA that were likely too high. Consequently, a combined VPA+ASO therapy should be evaluated with lower doses of VPA.

No specific toxicity was found with UNC7938 (used alone or in combination) during our studies but additional toxicity studies with at least two animal models would be mandatory to ensure the safety of the combination. Same studies may be done for VPA to investigate the long term toxicity and to ensure that there are no specie dependant toxicities.

In conclusion, all our data showed that chemical modifications of ASO are not the only way to improve exon skipping therapy efficacy. The work of this thesis is in continuity with the current development of ASO technology. The molecules and strategies tested here are currently in full development, with pharmaceutical companies specialized in endosomal escape for example. The development of new generations of ASO by Entrada Therapeutics using this combined approach is only an example among dozens (entrada 2022), but it illustrates the possibilities offered by these optimization strategies; possibilities which will ultimately lead to the developement of more efficient drugs.

Figure '1' 

  La seconde combinaison thérapeutique que nous avons testée avait pour objectif d'améliorer le transport intracellulaire des oligonucléotides. Les oligonucléotides entrent en effet dans les cellules par endocytose. Pour pouvoir être actif, ils doivent donc sortir des endosomes et aller dans le noyau cellulaire où se trouve l'ARN pré-messager. Malheureusement, seulement une infime partie d'entre eux y parvient, les autres sont éliminés par la cellule. Afin d'aider les oligonucléotides à sortir des endosomes, une molécule appelée UNC7938 fut utilisée. Cette molécule crée des pores dans les endosomes tardifs permettant ainsi aux oligonucléotides d'en sortir. La combinaison des deux traitements a permis d'augmenter les niveaux de dystrophine restaurée de 31% dans le coeur et de 58% dans le diaphragme. De plus, la fonction cardiaque fut normalisée après 12 semaines de traitement.
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  Afin d'améliorer la distribution des oligonucléotides et d'inhiber cette accumulation rénale, nous avons utilisé un inhibiteur pharmacologique des canaux OAT : le Probénécid. Malheureusement le Probénécid n'a pas permis d'améliorer la distribution de nos oligonucléotides antisens dans les organes cibles ni la production de dystrophine. La seconde combinaison thérapeutique que nous avons testée avait pour objectif d'améliorer le transport intracellulaire des oligonucléotides afin d'augmenter la proportion d'oligonucléotide présent dans le noyau des cellules (où se trouve leur cible: l'ARN prémessager DMD). En effet, il est connu dans la litérature que les oligonucléotides entrent dans les cellules par endocytose et, malheureusement, seulement une infime partie d'entre eux parvienent à rejoindre le noyau cellulaire; les autres sont éliminés par la cellule dans les lysosomes. Afin d'aider les oligonucléotides à sortir des endosomes, une molécule appelée UNC7938 fut utilisée. Cette molécule a la propriété de créer des pores spécifiquement dans les endosomes tardifs. Ainsi, la co-administration de cette molécule avec nos oligonucléotides permettrait d'augmenter la proportion d'oligonucléotides atteignant le noyau cellulaire et donc l'efficacité du traitement. L'utilisation de cette combinaison thérapeutique dans un modèle murin a en effet permis d'augmenter les niveaux de dystrophine restaurée de 31% dans le coeur et de 58% dans le diaphragme. De plus, la fonction cardiaque fut normalisée après 12 semaines de traitement. Ce co-traitement, ayant donné des résultats prometteurs, devra etre évaluer plus en détail afin d'envisager dans les année à venir la création de nouveaux médicament chez l'Homme.
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 1 Historic of the disease Duchenne muscular dystrophy (DMD) was described for the first time in 1868 by the doctor Guillaume Duchenne in his book named "De la paralysie musculaire pseudo-hypertrophique ou paralysie myo-sclérosique" (Duchenne 1868). Dr Duchenne described the symptoms of the disease and gave its three main characteristics:  progressive weakening of the muscle movements until patient became unambulatory  increase in volume of the paralyzed muscles  hyperplasia of the interstitial connective tissue of the muscles In his book, Dr Duchenne gave recommendations for diagnosing the disease. He includes advices to confirm it with the analyses of muscle biopsies to detect muscle fibrosis in young patient and fat droplet in the older. He described the treatment used in 1868 too: the electrical stimulation.

Figure 1 :

 1 Figure 1: Schematic overview of DMD gene (from (Duan et al. 2021)). The position of the eight promoters is indicated with the name of the proteins they encode (Dp427b, Dp427m, Dp427p, Dp260, Dp140, Dp116, Dp71 and Dp40). The different exon colors lead to the different part of the protein with in green the N-terminal domain (ABD), in blue: the rod domain divided into 24 spectrin-like repeats (R) and four interspersed hinges (H), in yellow: the cysteine-rich domain (CR) and in purple: the C-terminal domain (CT).

Figure 3 :

 3 Figure 3: Most commonly reported large mutations (from[START_REF] Bladen | The TREAT-NMD DMD Global Database: Analysis of More than 7,000 Duchenne Muscular Dystrophy Mutations[END_REF]. Most commonly reported large deletions (A) and large duplications (B) in the TREAT-NMD DMD Global database.

Figure 4 :

 4 Figure 4: Schematic depiction of dystrophin protein Composition of the mains dystrophins (Dp427, Dp260, Dp140, Dp116, Dp71 and Dp40). The different colors lead to the different part of the protein with in green the N-terminal domain (ABD), in blue: the rod domain, in yellow: the cysteine-rich domain (CR) and in purple: the Cterminal domain (CT).

  Cognitive disorders with a lower intelligence quotient (<70 was found for 27% of patients), learning disability (in 44% of patients), intellectual disability (in 19% of patients)[START_REF] Banihani | Cognitive and Neurobehavioral Profile in Boys With Duchenne Muscular Dystrophy[END_REF]  Neurodevelopmental disorders with 21% of patients scored above the threshold for autistic spectrum disorder, 24% for hyperactivity, and 44% for inattention.[START_REF] Ricotti | Neurodevelopmental, Emotional, and Behavioural Problems in Duchenne Muscular Dystrophy in Relation to Underlying Dystrophin Gene Mutations[END_REF] Different isoforms of dystrophin are expressed in the brain, at different level, at different developmental stages and in different regions and cells[START_REF] Doorenweerd | Timing and Localization of Human Dystrophin Isoform Expression Provide Insights into the Cognitive Phenotype of Duchenne Muscular Dystrophy[END_REF]):  Dp427 (c, m) show very low expression during the human foetal brain development, as opposed to DP427p which is not expressed. Dp427c is expressed in the amygdala and hippocampus of adult brain, Dp427p is expressed in adult Purkinje cells and Dp427m is expressed in the cerebellum.  Dp260 and Dp116 are not expressed in the brain (foetal and adult one).  Dp140 is express mainly in the foetal brain. In adult brain Dp140 is more expressed in the cerebellum compared to the rest of the brain.  Dp71 and Dp40 are consistently expressed throughout brain development and in the adult brain (with lower expression in the cerebellum compare to the other regions).

  mice have a natural point mutation in the exon 23 of the Dmd gene which leads to the apparition of a premature stop codon and the absence of dystrophin Dp427 (the only one expressed in the muscles). This animal model is the first and most frequently used for DMD research and is therefore well-characterized. The absence of dystrophin in the muscle cells of mdx mice induces similar symptoms (although milder) than those found in DMD patients, which made the mdx mouse model the standard model to study the dystrophin protein and to develop new therapeutics. Indeed, mdx mice have; like human; more severe symptoms with age.

  patients with a mutation (exon deletion, exon duplication, insertion, or point mutation) affecting exons 9 through 13 or in exon 29 and 30 were excluded from the study (about 15% of the DMD population) (Pfizer 2021a). Few months later, Pfizer announced the unexpected death of a patient, that led the FDA to place a hold on the phase Ib trial (Pfizer 2021b). The company amended the protocol another time and included a 7-days hospitalization period to closely monitor and manage patients just after the treatment and in April 2022, FDA lifted the clinical hold[START_REF] Philippidis | Food and Drug Administration Lifts Clinical Hold on Pfizer Duchenne Muscular Dystrophy Gene Therapy Linked to Patient Death[END_REF]. In June 2022, a phase II trial has been started to evaluate the safety and efficacy of Fordadistrogene Movaparvovec (the new name of PF-06939926) in patient of 2 and 3 years old (NCT05429372).

  is an AAV vector developed by Solid Biosciences with a rAAV9 serotype encoding for the microdystrophin µDys-5R under the promoter CK8. SGT-001 is currently tested in a phase I/II open-label clinical trial (NCT03368742) to investigate its safety and tolerability in DMD patients. In March 2018, the first patient injected with a dose of 5E13 vg/kg was hospitalized due to reduction in platelet and red blood cell counts and to activation of complement (Solid Biosciences 2018a). In February 2019, the quantification of dystrophin restoration level in the 3 injected patients shown a very low efficacy of the treatment (≤5% were detected by western blot in the 3-months biopsy samples) (Solid Biosciences 2019a). Solid Biosciences decided to increase the dose injected to have more dystrophin restored. In November 2019, the third patient injected with 2E14 vg/kg SGT-001 experienced a serious adverse event characterized by complement activation, thrombocytopenia, a decrease in red blood cell count, an acute kidney injury, and cardio-pulmonary insufficiency (Solid Biosciences 2019b). This event caused the FDA to place a clinical hold on the trial. The patient was fully recovered in December 2019, and FDA lifted the clinical hold in October 2020. In April 2021, the eighth patient injected with 2E14 vg/kg SGT-001, experienced an inflammatory response which was classified as a serious adverse event and considered by the investigator to be drug-related. Dystrophin quantifications in the 3 first patients injected with 2E14 vg/kg SGT-001 were communicated. The values obtained were very heterogeneous (from undetectable to 17.5% at 90 days post treatment) and seemed to increase with time (Solid Biosciences 2021). In March 2022, Solid Biosciences announced the results obtained with the 4 th , 5 th and 6 th patients included in the phase I/II trial NCT03368742 (Solid Biosciences 2022a). Patients have an improved motor function at two years post-infusion as assessed by 6 minute walk test (6MWT) and North Star Ambulatory Assessment and an improved pulmonary function, as measured by forced vital capacity and peak expiratory flow. In April 2022, Solid Biosciences announced that a second-generation manufacturing product named SGT-003 is planned to enter in clinic in late 2023 (Solid Biosciences 2022b). SGT-003 is composed of a novel muscle-tropic AAV capsid called AAV-SLB101. During the pre-clinical studies performed on mdx mice and non human primates, this new capside was more specific to muscles and less accumulated in the liver compared to the AAV9 one (is an AAV vector developed by Sarepta Therapeutics with a rAAVrh74 serotype encoding for the microdystrophin ΔR4-23/ΔC under the promoter MHCK7. SRP-9001 is currently tested in a phase I/IIa, phase II and phase III open-label clinical trials (NCT03375164; NCT03769116 and NCT05096221). Data obtained in the first 4 patients treated with 2E14

Figure 9 :

 9 Figure 9: Example of exon 52 skipping mediated by CRISPR/Cas9 gene editing (from

(

  [START_REF] Murphy | Antibody-Directed Myostatin Inhibition Improves Diaphragm Pathology in Young but Not Adult Dystrophic Mdx Mice[END_REF]. Domagrozumab and Talditercept alpha, two myostatin inhibitors, have been tested in phase II trials. Domagrozumab is a recombinant humanized monoclonal antibody developed by Pfizer. The molecule showed no toxicity of clinical interest during the phase I clinical trial. During the phase II trial no significant effects have been detected which led Pfizer to stop the development of the drug[START_REF] Wagner | Randomized Phase 2 Trial and Open-Label Extension of Domagrozumab in Duchenne Muscular Dystrophy[END_REF]).

  10th human fibronectin type III domain[START_REF] Lipovsek | Adnectins: Engineered Target-Binding Protein Therapeutics[END_REF]. The molecule showed no toxicity of clinical interest during the phase I clinical trial. During the phase II clinical trial no significant effects have been detected, leading to a stop of the drug development by Roche(Roche 2019).

Figure 10 :

 10 Figure 10: Spliceosome assembly (Adapted from[START_REF] Chabot | Defective Control of Pre-Messenger RNA Splicing in Human Disease[END_REF]) Pre-mRNA is composed by exons (cylinders), introns (lines), the 5′ splice site (5'ss), the 3′ splice site (3'ss), the branch point, and the polyrimidine tract. The main snRNP involved in the spliceosome appear with their name (U1, U2, U2AF, U4, U5, and U6).

Figure 11 :

 11 Figure 11: Number of patients potentially rescuable by one exon skipping (data from the UMD-DMD France global database) 1,163 patients from the French database may potentially be treated with only 1 exon skipped. The Figure shows the main exons to skip and the proportion of patients rescuable with it (only exon suitable for 10 patients or more are cited).

  design and chemical modifications. Briefly, ASOs can be used to promote RNA degradation via the recruitment of RNase H1, which will cleave the mRNA-ASO hetero-duplex while leaving the ASO intact (Figure12, left panel). It is important to note that most sugarmodified ASOs became unable to elicit RNase H1-mediated RNA degradation; hence ASOs must be designed as "gapmers", with a central core of 8-10 consecutive DNA nucleotides to support binding and cleavage by RNase H1. Alternatively, ASOs can be fully modified and work through steric hindrance mechanisms either to modulate splicing, inhibit RNA toxicity through the disruption of RNA structure, impact polyadenylation selection site, inhibit translation, or bind to microRNAs to block their interaction with mRNA (Figure12, right panel).

Figure 12 :

 12 Figure 12: Antisense oligonucleotide (ASO) mechanisms of action(Bizot, Vulin, and Goyenvalle 2020). ASOs may exert different effects depending on their structure and design. To induce mRNA degradation via RNase H, ASO must be designed as gapmers (I) with a central core of 8-10 consecutive DNA nucleotides to support binding and cleavage by RNase H1 (in blue), flanked by modified nucleotides for nuclease resistance (in red). Fully modified ASOs (II) are not able to elicit RNase H activity and they are commonly used as splice switchers (A) to manipulate alternative splicing (exon skipping or exon inclusion), or as steric blockers (B) to either block protein translation or inhibit RNA mediated toxicity by competing with protein binding.

  2014. 79 patients were treated with 30 mg/kg/week of eteplirsen for 96 weeks. At the end of the treatment, dystrophin restoration level was measured by western blot and showed that only 0.63% of normal protein level was restored (versus 0.244% before treatment)[START_REF] Mcdonald | Open-Label Evaluation of Eteplirsen in Patients with Duchenne Muscular Dystrophy Amenable to Exon 51 Skipping: PROMOVI Trial[END_REF]. The attenuation of decline on the 6WMT over 96 weeks and the attenuation of percent predicted forced vital capacity (based on the use of both standing height and ulnarcalculated height) annual decline were confirmed in the phase III study(McDonald et al. 
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 25 Tricyclo-DNA ASO. Another chemistry developed for the treatment of DMD is tricyclo-DNA (TC-DNA). TC-DNA have been developed in the late 1990s and present, like the previously mentioned ASO, a constrained conformation. They are composed by an ethylene bridge between the 3'C and 5'C of the ribose rigidified by a cyclopropane unit. This construction gives to TC-DNA a
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 26 Stereopure ASOStereoisomers are molecules that have identical chemical composition and sequence of bonded atoms, but differ in their tridimensional orientation. The PS linkage used to increase ASO efficacy converts the achiral PO linkage into a chiral PS center having two distinct stereochemical configurations so two distinct 3-dimensional confirmation. Consequently, an ASO of 20 nucleotides long (with 19 PS link) has over half a million (219 ) individual stereoisomers. The comparison of different stereoisomers revealed that PS stereochemistry affects both physicochemical and pharmacological properties of the ASO. Therefore, the development of an optimal position-specific stereochemistry is able to increase the activity of the ASO both in vitro and in vivo[START_REF] Iwamoto | Control of Phosphorothioate Stereochemistry Substantially Increases the Efficacy of Antisense Oligonucleotides[END_REF].Wave life Sciences is a pharmaceutical company that develops stereopure ASO to treat various genetic diseases including DMD. During pre-clinical studies, stereopure ASOs targeting exon 51 induced higher levels of exon skipping and dystrophin restoration than eteplirsen or drisapersen(Echevarría, Aupy, and Goyenvalle 2018). WVE-210201 (also named suvodirsen) is the ASO developed to skip the exon 51 of the DMD gene which has been tested in clinic. In the phase I trial (NCT03508947), 36 ambulatory and non-ambulatory patients from 5 to 18 years old were enrolled to evaluate the safety and tolerability of the drug. No specific toxicity was found[START_REF] Wagner | O.28Safety and Tolerability of Suvodirsen (WVE-210201) in Patients with Duchenne Muscular Dystrophy: Results from a Phase 1 Clinical Trial[END_REF]) and a phase II/III trial (NCT03907072) was initiated to ensure the efficacy of the drug. In December 2019, Wave Life Sciences stopped the development of suvodirsen since no dystrophin expression improvement was obtained in the muscle biopsies of patients treated during the phase II trial with either the 3.5 mg/kg or 5 mg/kg doses (Wave Life Sciences 2019).4.2.7 Phosphoryl guanidine ASOTo avoid the toxicity caused by the PS link Wave life Sciences has developed a new ASO chemistry with the replacement of non-bridging oxygen atom present in the phosphate linkage by a phosphoryl guanidine (PN). In contrast with the PO and PS backbones, PN is more stable to nuclease degradation and is not charged. In-vivo study performed in mdx mice showed that PN ASO have a superior pharmacology and activity profiles compared to PS and PO ASO[START_REF] Kandasamy | Control of Backbone Chemistry and Chirality Boost Oligonucleotide Splice Switching Activity[END_REF]. WVE-N531 is a PN-modified splicing oligonucleotide targeting the exon 53 of the DMD gene developed by Wave Life Sciences This ASO is currently evaluated in phase I/II trial (NCT04906460). In this trial, patients are divided in 2 groups, one having ascending doses of WVE-N531 to test the safety and tolerability of the drug and the other having multiple injections of the most optimal dose. In November 2022, Wave Life Sciences announced that dose escalation was completed and multi-dosing was underway with 10 mg/kg doses of WVE-N531 (Wave Life Sciences 2022A). In December 2022, results obtained during the dose escalation clinical trial performed on three ambulatory patients were reported (Wave Life Sciences 2022b). Muscle biopsy was taken two weeks after the last injection of WVE-N531 (six weeks after the first dose) and exon skipping and dystrophin restoration levels were monitored. The quantification of exon skipping level by RT-PCR showed that a high proportion of RNA was corrected in the muscles cells of patient (means 53%, range: 48-62%).

  The new pip developped by Pepgen are named enhanced delivery oligo (EDO) and are more efficient than polyarginine peptide to improve PMO efficacy[START_REF] Holland | A Novel Enhanced Delivery Oligonucleotide (EDO) Therapeutic Demonstrates Considerable Potential in Treating Duchenne Muscular Dystrophy: 1[END_REF]. PGN-EDO51 is the PMO ASO conjugated with an EDO tested in clinic for the skip of the exon 51 of DMD gene. During preclinical studies, a single dose of 60mg/kg of PGN-EDO51 was able to correct the open reading frame of almost 80% of the mRNA in tibialis anterior, diaphragm and heart of non-human primates[START_REF] Holland | A Novel Enhanced Delivery Oligonucleotide (EDO) Therapeutic Demonstrates Considerable Potential in Treating Duchenne Muscular Dystrophy: 1[END_REF]. Moreover, PGN-EDO51 was also able to cross the blood brain barrier and diffuse in the brain after intravenous injection. Based on these data, a phase I trial was initiated in Canada[START_REF] Mellion | P.120 Unlocking the Potential of Oligonucleotide Therapeutics for Duchenne Muscular Dystrophy through Enhanced Delivery[END_REF]. This trial was performed in 32 healthy people to ensure the safety and tolerability of the drug. Data obtained showed no specific toxicity after a single dose of PGN-EDO51 from 1 to 15 mg/kg (PepGen 2022a). A phase II trial is planned for the first half of 2023 to evaluate the safety and efficacy of the drug in DMD patient.In November 2022, Pepgen announced the development of three other PPMO for the treatment of DMD: PGN-EDO53 to induce exon 53 skipping, PGN-EDO45 to induce exon 45 skipping and PGN-EDO44 to induce exon 44 skipping (PepGen 2022b). PGN-EDO53 has been tested in non-human primate and 36.4% of exon skipping was detected in the biceps biopsy of animals 8 days after the first injection. No in-vivo data with the two other PPMO are available yet.4.2.9 Antibody conjugated PMOConjugation of ASO to monoclonal antibodies may increase the muscle uptake of ASO. An antibody against transferrin receptor 1 (TfR1) has been developed to this end. TfR1 is critical receptor for iron uptake in skeletal and cardiac muscle cells. This receptor controls cellular iron homeostasis by mediating endocytosis of iron-bound transferrin(Daniels et al. 2006). To increase endocytosis of ASO in muscles, a fragment antigen-binding (Fab) region targeting Tfr1 has been conjugated to a PMO using a valine-citrulline linker. This linker is stable in plasma and is cleaved in the endosomal compartment to release the oligonucleotide in the cytosol[START_REF] Mccombs | Antibody Drug Conjugates: Design and Selection of Linker, Payload and Conjugation Chemistry[END_REF]. In mdx mice, a single systemic injection of the TfR1-Fab PMO was able to produce dose-dependent exon skipping and dystrophin restoration. The 30 mg/kg dose induced dystrophin expression reached peaks of 72%, 90%, and 77% of WT levels in tibialis anterior, diaphragm, and heart respectively[START_REF] Desjardins | Enhanced Exon Skipping and Prolonged Dystrophin Restoration Achieved by TfR1-Targeted Delivery of Antisense Oligonucleotide Using FORCE Conjugation in Mdx Mice[END_REF]. Currently, two antibody-conjugated PMOs are tested in clinic: DYNE-251 developed by Dyne therapeutics and AOC1044 developed by Avidity Biosciences. 4.2.9.1 DYNE-251 DYNE-251 is a PMO conjugated to a Fab binding the TfR1 developed by Dyne therapeutics to skip the exon 51 of DMD gene. In September 2022, the phase I/II trial NCT05524883 was initiated to evaluate the safety, tolerability, and efficacy of multiple intravenous doses of DYNE-251. Dyne therapeutics has planned to include in this study 46 ambulant and nonambulant patients divided into 2 groups:  One group of patients will have a multiple-ascending dose to test the safety and tolerability of the drug. Patients will be injected 6 times over 24 weeks (1 injection every 4 weeks)  The second group will have a placebo with the same injection number as the previous group.
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 5 8% and 1.4% of dystrophin and a decrease of serum creatine kinase levels (typically high in patients with DMD)[START_REF] Waldrop | LATE BREAKING NEWS ORAL PRESENTATION: LBO 3 Expression of Apparent Full-Length Dystrophin in Skeletal Muscle in a First-in-Human Gene Therapy Trial Using the ScAAV9.U7-ACCA Vector[END_REF]). The last clinical results have been presented at the 2022 Annual Meeting of the American Society of Gene and Cell Therapy. By DMD. As mentioned in the introduction, several ASO-based exon skipping drugs have already been approved by the FDA for the treatment of DMD (eteplirsen, golodirsen, viltolarsen and casimersen targeting exons51, 53, 53 and 45). Approval was based on safety and increased dystrophin expression in muscle biopsies of treated patients at relatively low levels (up to ~5.9% following exon 53 skipping) but clinical trials are still ongoing to assess functional outcomes for each of the compounds. However, the efficacy of exon-skipping strategies is still limited by several challenges, leaving large room for improvement.The most recognized challenges of ASO-mediated exon skipping are:The distribution of ASO into the target tissues  The cell trafficking of ASOs into the nucleus  The limited amount of target mRNA Many efforts have already been made to improve ASO efficacy, mostly through the development of alternative chemistries or various conjugates. My team has in particular worked on the development of the TC-DNA chemistry and further conjugated it with palmitic acid to enhance their therapeutic potential. However ASO biodistribution and efficacy still need to be improved in order to stop the disease progression and achieve meaningful clinical benefit in patients. The overall objective of my thesis project was to improve exon skipping therapy for the treatment of Duchenne muscular dystrophy. To this end, I focused my research on combined therapies and evaluated molecules with three different mechanisms. Each of them was used in combination with TC-DNA ASO in the mdx mouse model as a proof of principle.

  mRNA produced in order to increase the efficacy of ASO treatment. Indeed, transcriptional studies have shown that dystrophin mRNA levels are reduced in muscle when a mutation is present. Moreover, a strong 5'-3' imbalance in mutated transcripts have been shown in both human cells and mouse organs. To restore a normal mRNA production, three histone deacetylase inhibitors (HDACi) were tested: givinostat (a pan HDACi already used in a clinical trial in DMD), valproic acid (a class I/II HDAC inhibitor) and EX527 (a class III inhibitor). Mice were sacrificed and organs were collected 2 weeks after 4 weeks of co-treatment to investigate the effects of HDACi on both RNA production, exon skipping and protein restoration levels.This thesis work has led to the publication of 3 manuscripts: 1. One review article published in 2020 in Drugs: Bizot F, Vulin A, and Goyenvalle A. 2020. "Current Status of Antisense Oligonucleotide-Based Therapy in Neuromuscular Disorders." Drugs 80(14):1397-1415. doi: 10.1007/s40265-020-01363-3 2. One research article pusblished in Molecular Therapy Nucleic Acids in 2022: Bizot F, Goossens R, Tensorer T, Dmitriev S, Garcia L, Aartsma-Rus A, Spitali P, and Goyenvalle A. 2022. "Histone Deacetylase Inhibitors Improve Antisense-Mediated Exon-Skipping Efficacy in Mdx Mice." Molecular Therapy. Nucleic Acids 30:606-20. doi: 10.1016/j.omtn.2022.11.017. 3. One research article currently in revision in Cells: Bizot F, Fayssoil A, Gastaldi C, Irawan T, Phongsavanh X, Mansart A, Tensorer T, Brisebard E, Garcia L, L Juliano R, and Goyenvalle A. 2023 "Oligonucleotide enhancing compound increases tricyclo-DNA mediated exon-skipping efficacy in the mdx mouse model" Cells.

Figure 1 :

 1 Figure 1: General distribution of TC-DNA ASO in mdx mice A: Quantification of ASO in the different muscles tissues (Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA) and heat) and off target organs (kidney, liver and spleen) after 4 weeks of ASO treatment. N=4 mice. B: ASO quantification in the urine produce during the 40h following a single ASO injection of 1250µg. N=7 mice. C: Detection of the ASO (red staining) by in-situ hybridization on transverse sections of kidneys from mdx mice treated with ASO. 1 is glomerulus, 2 is proximal convoluted tub and 3 is distal convoluted tub. Nuclei are labelled in blue (DAPI) in the entire kidney sections (left panels) and the zoomed-in regions (right panels). The orange and pink scares indicate the localization of the zoomed region. D: Detection of the OAT1 (green staining) and ASO (red staining) by in-situ hybridization on transverse sections of kidneys from mdx mice treated with ASO. Nuclei are labelled in blue (DAPI). In the merge, the combined signal of OAT1 and ASO is yellow.

Figure 2 :

 2 Figure 2: Short term efficacy of probenecid on TC-DNA ASO biodistribution A: Quantification of TC-DNA ASO in the serum of mice after the injection of 50 mg/kg of TC-DNA alone or combined with an injection of 50 mg/kg of probenecid. N=3 mice.

Figure 3 :

 3 Figure 3: Mild term efficacy of probenecid on TC-DNA ASO biodistribution A: Quantification of ASO in the different muscles tissues (Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA) and heat) and off target organs (kidney, liver and spleen) 2 weeks after 4 weeks treatment with ASO combined or not with probenecid. N=3 mice. B: Detection of the ASO (red staining) by in-situ hybridization on transverse sections of kidneys (cortex) from mdx mice treated 4 weeks with ASO +/-probenecid. Nuclei are labelled in blue (DAPI) C: Effect of probenecid on exon skipping level. qPCR quantification of exon 23 using taqman qPCR in the different muscle tissues. Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA) and heart. N=3 mice per group.

Figure 1 .

 1 Figure 1. Short term efficacy of UNC7938 on exon skipping therapy in mdx mice. (A) Schematic representation of the injection protocol with tcDNA-ASO and the OEC UNC7938 in mdx mice. (B) Effect of UNC7938 on exon 23 skipping level. qPCR quantification of exon 23 skipping using taqman qPCR in the different muscle tissues. Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), diaphragm (DIA), and heart. N = 4 mice per group, ** p < 0.01 compared to ASO analyzed by RM two-way ANOVA. (C) Dystrophin restoration in treated mdx mice assessed by Western blotting. N = 4 mice per group, **** p < 0.0001 compared to ASO analyzed by RM twoway ANOVA. (D) Quantification of ASO in the different muscles tissues (left panel) and accumulation organs, such as spleen, liver, and kidney (right panel) after four weeks of treatment. Results are expressed as mean ± SEM; N = 4 mice per group.

Figure 1 .

 1 Figure 1. Short term efficacy of UNC7938 on exon skipping therapy in mdx mice. (A) Schematic representation of the injection protocol with tcDNA-ASO and the OEC UNC7938 in mdx mice. (B) Effect of UNC7938 on exon 23 skipping level. qPCR quantification of exon 23 skipping using taqman qPCR in the different muscle tissues. Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), diaphragm (DIA), and heart. n = 4 mice per group, ** p < 0.01 compared to ASO analyzed by RM two-way ANOVA. (C) Dystrophin restoration in treated mdx mice assessed by Western blotting. n = 4 mice per group, **** p < 0.0001 compared to ASO analyzed by RM two-way ANOVA. (D) Quantification of ASO in the different muscles tissues (left panel) and accumulation organs, such as spleen, liver, and kidney (right panel) after four weeks of treatment. Results are expressed as mean ± SEM; n = 4 mice per group.

Figure 2 .

 2 Figure 2. Kinetics of UNC7938 effect on exon skipping therapy in mdx mice. (A) Schematic representation of the injection protocol with tcDNA-ASO and the OEC UNC7938 in mdx mice with the different time points of analysis. (B) Quantification of ASO in triceps, diaphragm, and heart at different time points (72 h, one wk, three wks, and six wks) after the last ASO injection. N = 3 mice per group and per time point. * p < 0.05, ** p < 0.01 compared to ASO analyzed by two-way ANOVA. (C) Effect of UNC7938 on exon skipping level. qPCR quantification of exon 23 using taqman qPCR in the triceps, diaphragm, and heart at different time points (72 h, one wk, three wks and six wks) after last ASO injection. N = 3 mice per group and per time point. * p < 0.05, *** p < 0.001, **** p < 0.0001 compared to ASO analyzed by two-way ANOVA. (D) Quantification of dystrophin restoration levels by western blot in treated mdx mice at different time points (one wk, three wks, and six wks). Results are expressed as mean ± SEM; N = 3 mice per group and per time point.
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 2 Figure 2. Kinetics of UNC7938 effect on exon skipping therapy in mdx mice. (A) Schematic representation of the injection protocol with tcDNA-ASO and the OEC UNC7938 in mdx mice with the different time points of analysis. (B) Quantification of ASO in triceps, diaphragm, and heart at different time points (72 h, one wk, three wks, and six wks) after the last ASO injection. n = 3 mice per group and per time point. * p < 0.05, ** p < 0.01 compared to ASO analyzed by two-way ANOVA. (C) Effect of UNC7938 on exon skipping level. qPCR quantification of exon 23 using taqman qPCR in the triceps, diaphragm, and heart at different time points (72 h, one wk, three wks and six wks) after last ASO injection. n = 3 mice per group and per time point. * p < 0.05, *** p < 0.001, **** p < 0.0001 compared to ASO analyzed by two-way ANOVA. (D) Quantification of dystrophin restoration levels by western blot in treated mdx mice at different time points (one wk, three wks, and six wks). Results are expressed as mean ± SEM; n = 3 mice per group and per time point.
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Figure 3 .

 3 Figure 3. Efficacy of 12-wk combined UNC7938 and ASO treatment in mdx mice. (A) Schematic representation of the injection protocol with tcDNA-ASO and the OEC UNC7938 in mdx mice. (B) Quantification of ASO in the different muscles tissues (Tibialis anterior (TA), triceps (TRI), diaphragm (DIA) and heart) (left panel) and accumulation organs, such as spleen, liver and kidney (right panel) after 12 weeks of ASO treatment. n = 7 mice per group. (C) Subcellular fractionation and intracellular content of ASO following treatment with UNC7938. Western blot analysis of nuclear (n) and cytosolic (C) fractions isolated from gluteus muscles of mdx mice treated with ASO or ASO + 7938. The EEA1 and H3 antibodies are used to confirm cytosolic and nuclear enrichments, respectively. (D) Quantification of ASO in the cytosolic and nuclear fractions reveals a higher proportion of ASO in the nuclear fraction when mice have received the combined treatment ASO + 7938 compared to treatment with ASO alone. Results are expressed as means ± SEM; n = 6-8 mice per group, and two gluteus muscles are analyzed per mouse. (E) Effect of UNC7938 on exon skipping level. qPCR
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 2023 12, x FOR PEER REVIEW 11 of 17 respectively. (D) Quantification of ASO in the cytosolic and nuclear fractions reveals a higher proportion of ASO in the nuclear fraction when mice have received the combined treatment ASO + 7938 compared to treatment with ASO alone. Results are expressed as means ± SEM; n = 6-8 mice per group, and two gluteus muscles are analyzed per mouse. (E) Effect of UNC7938 on exon skipping level. qPCR quantification of exon 23 using taqman qPCR in the different muscle tissues. N = 7 mice per group, (F) Dystrophin restoration assessed by Western blotting in treated mdx mice. Results are expressed as mean ± SEM; N = 7 mice per group. (G) Dystrophin staining in heart (top) and triceps (bottom). Detection of dystrophin protein (green staining) by immunofluorescence on transverse sections of muscle tissues (triceps and heart) from WT and mdx mice treated with saline, ASO, or ASO + UNC7938. Scale bar, 100µm. Right panel: quantification of the dystrophin intensity staining in heart and triceps, mean fluorescence intensity is normalized to the number of fiber counts. Results are expressed as mean ± SEM; N = 4 mice per group. * p < 0.05 between ASO and ASO + 7938 analyzed by two-way ANOVA.

Figure 4 .

 4 Figure 4. The combination of tcDNA-ASO and UNC7938 treatment improves cardiac function in mdx mice. Cardiac function was evaluated by echocardiography in six-month-old mice and the left ventricular ejection fraction (LVEF), the fractional shorting (FS), the systolic pulse pressure (PP systole), and the Tei index are represented. Results are expressed as mean ± SEM; n = 8 for WT, mdx saline and ASO, n = 7 for 7938 and n = 6 for ASO + 7938. * p < 0.05, ** p < 0.01 analyzed by one-way ANOVA.
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 4 Figure 4. The combination of tcDNA-ASO and UNC7938 treatment improves cardiac function in mdx mice. Cardiac function was evaluated by echocardiography in six-month-old mice and the left ventricular ejection fraction (LVEF), the fractional shorting (FS), the systolic pulse pressure (PP systole), and the Tei index are represented. Results are expressed as mean ± SEM; n = 8 for WT, mdx saline and ASO, n = 7 for 7938 and n = 6 for ASO + 7938. * p < 0.05, ** p < 0.01 analyzed by one-way ANOVA.
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 20231755 Figure 5. Safety profile of the combined UNC7938 + ASO treatment. (A) Quantification of general toxicity biomarkers in the serum: creatinine, urea, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and bilirubin. Results are expressed as mean ± SEM; N = 5-8 mice per group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to mdx saline, analyzed by Kruskal-Wallis one-way ANOVA. (B) Quantification of total protein and albumin levels in the urine of WT and treated mdx mice. Urine was collected at the end of the 12-wk treatment. Results are normalized to creatinine levels and expressed as mean ± SEM; N = 5-8 mice per group; p =ns compared to mdx saline (one-way ANOVA). (C) Histological presentation of wild-type mice and mdx mice treated with saline, ASO, UNC7938 or ASO + 7938 for 12 weeks. In liver (upper panel), small foci of inflammatory cell infiltration were scattered in the hepatic parenchyma of all mice in Figure 5. Safety profile of the combined UNC7938 + ASO treatment. (A) Quantification of general toxicity biomarkers in the serum: creatinine, urea, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and bilirubin. Results are expressed as mean ± SEM; n = 5-8 mice per group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to mdx saline,

Figure S1 .

 S1 Figure S1. Representation of the tcDNA-ASO targeting the donor splice site of exon 23 of the mouse dystrophin pre-mRNA used in this study. Palmitic acid is conjugated at the 5'end of tcDNA-PO via a C6-amino linker and a phosphorothioate bond.

Figure S2 .

 S2 Figure S2. kinetic efficacy of UNC7938 on exon skipping therapy in mdx mice. (A) Quantification of ASO in tibialis anterior, gastrocnemius and quadriceps at different time points (72h, 1 week, 3 weeks and 6 weeks) after the last ASO injection. N=3 mice per group and per time point. (B) Effect of UNC7938 on exon skipping level. qPCR quantification of exon 23 skipping using taqman qPCR in the tibialis anterior, gastrocnemius and quadriceps at different time points (72h, 1 week, 3 weeks and 6 weeks) after last ASO injection. N=3 mice per group and per time point. *p<0.05, compared to ASO analyzed by two-way ANOVA. (C) Quantification of dystrophin restoration levels in treated mdx mice at different time points (1 week, 3 weeks and 6 weeks). N=3 mice per group and per time point. *p<0.05, **p<0.01 compared to ASO analyzed by two-way ANOVA.

Figure S3 .

 S3 Figure S3. Comparison between 1 vs 4 injections of UNC7938 on exon skipping efficacy (A) Effect of the number of UNC7938 injections on exon skipping level. Left panel: example of the visualization of exon 23 skipping on gel in the heart of mdx mice treated with saline, ASO+1*7938 or ASO+4*7938. PCR amplifications between exons 20 to 26 are loaded on a 1.5% agarose gel. The top band corresponds to the unskipped transcript and the lower band to the exon 23 skipped one. Right panel: qPCR quantification of exon 23 skipping using taqman qPCR in the different muscle tissues. Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), diaphragm (DIA) and heart. Results are expressed as mean ± SEM; N=4 mice per group. P = 0.4669 between ASO+1*7938 or ASO+4*7938 analyzed by RM two-way ANOVA. (B) Quantification of dystrophin restoration level in treated mdx mice. A typical dystrophin western blot obtained for the heart is showed in the left panel, with vinculin used for normalization. A standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue is loaded for quantification (0%, 2.5%, 5%, 10% and 20% of WT). Right panel: quantification of dystrophin restoration using the Empiria Studio software. Results are expressed as mean ± SEM; N=3 mice per group. P = 0.7915 between ASO+1*7938 or ASO+4*7938 analyzed by RM two-way ANOVA.

Figure 1 .

 1 Figure 1. Effect of HDACi on Dmd transcript levels and exon-skipping efficacy in mdx mice (A) Relative expression of Dmd transcript levels obtained in triceps, diaphragm, and heart for several exon-exon junctions along the Dmd gene in mdx and C57Bl10 mice (n = 6 for C57Bl10 and n = 9 for mdx mice) (p = 0.0099 in triceps, p < 0.0001 in diaphragm, and p = 0.0006 in heart between mdx and C57Bl10 analyzed by two-way ANOVA). (B) Effect of HDACi treatment on Dmd transcript imbalance in triceps, diaphragm, and heart (n = 7 mice per group). No statistical difference was detected overall between HDACi-treated mice and saline-treated mice (p = 0.6694 in triceps, p = 0.5552 in diaphragm, and p = 0.8554 in heart analyzed by two-way ANOVA). (C) Schematic representation of the mdx treatment with ASO combined with the various HDACi. (D) Effect of HDACi on exon-skipping level. Left: qPCR quantification of exon 23 using TaqMan qPCR in the different muscle tissues: tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA), and heart. n = 7 mice per group, *p < 0.05 between ASO treatment and ASO + VPA treatment using a two-way ANOVA to compare the two groups. Right: example of the visualization of exon 23 skipping on gel in the heart with one representative mouse for each group (1/7). PCR amplifications between exons 20 and 26 are loaded in a 1.5% agarose gel. The top band corresponds to the unskipped transcript and the lower band to the exon 23 skipped transit. All data are plotted as means ± SEM.

Figure 2 .

 2 Figure 2. Dystrophin protein expression in mdx mice treated with ASO and HDACi (A) Dystrophin restoration in treated mdx mice. A typical dystrophin western blot obtained for the heart is shown in the top panel, with vinculin used for normalization. A standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue is loaded for quantification (0%, 2.5%, 5%, 10%, and 20% of WT). Middle panel: quantification of dystrophin restoration using Empiria Studio software. n = 7 mice per group, p = 0.0010 between treatments (two-way ANOVA), **p < 0.01 between ASO alone and ASO + givinostat groups and ****p < 0.0001 between ASO alone and ASO + VPA groups. p = 0.4496 between ASO and ASO + EX527. The fold changes (legend continued on next page)

  between protein restoration detected in ASO-treated mice and ASO + HDACi-treated mice is shown in the bottom panel. (B) Detection of dystrophin protein (green staining) by immunostaining on transverse sections of muscle tissues (triceps and heart) from WT and mdx mice treated with saline, ASO, or ASO + HDACi. Nuclei are labeled with DAPI (blue staining). Scale bars, 100 mm. (C and D) Graphs representing the distribution (C) and the mean (D) of muscle fiber area in triceps muscles from mdx mice treated with ASO or ASO + HDACi and compared with WT (C57/BL10) or saline control mdx mice. *p < 0.05 and **p < 0.01 compared with treatment with mdx saline. (E) Effect of the combination HDACi + ASO on Dmd transcript imbalance in the diaphragm, analyzed by TaqMan qPCR at different exon junctions. n = 7 mice per group; asterisk indicates an adjusted p = 0.0001 between mdx and ASO + VPA after multiple testing comparison using Tukey's method for p-value correction. (F) MYOM3 quantification by western blot in serum of mdx mice treated with ASO or ASO + HDACi and compared with saline control mdx mice. n = 4 mice/group, ****p < 0.0001 compared with saline control mdx mice. All data are plotted as means ± SEM. www.moleculartherapy.org Molecular Therapy: Nucleic Acids Vol. 30 December 2022 611

Figure 4 .

 4 Figure 4. Serum biochemistry following HDACi treatment Quantification of general toxicity biomarkers in the serum: creatinine, urea, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and bilirubin. n = 7 mice per group, *p < 0.05 compared with mdx saline, analyzed by Kruskal-Wallis test. All data are plotted as means ± SEM.

Figure 5 .

 5 Figure 5. Effect of valproic acid on DMD chromatin organization and expression in vitro (A) ChIP-qPCR analysis of the histone mark H3K9Ac at various locations in the DMD locus in immortalized myocytes derived from a healthy control (HC) or a DMD patient. Cells were untreated (Unt), treated with a control ASO (targeting NOTCH3 [Con]), ASOs inducing exon skipping of DMD exon 41 (H41), DMD exon 51 (H51), valproic acid (VPA), or a combination of ASOs and VPA as indicated. Enrichment of H3K9Ac was normalized to input chromatin. n = 3 replicates, *p < 0.05, ***p < 0.001, RM-ANOVA between two groups as indicated. (B) Quantification of exon skipping induced in a representative sample set corresponding to (A), as determined by analysis with Femto pulse. PCR around exon 41 in HC cells and PCR around exon 51 in DMD patient cells are shown; percentages below each lane indicate exon-skipping efficiency over the WT PCR product. Expected PCR product sizes for unskipped and skipped transcripts are 357 bp and 174 bp for exon 41 skipping, and 401 bp and 168 bp for exon 51, respectively. (C) Western blot analysis of DMD protein expression after combinatorial treatment with ASOs and VPA. HC or DMD immortal myocytes were treated with ASOs and/or VPA as indicated. Arrowhead indicates expected size of the DMD Dp427 protein. Tubulin was probed as a loading control for normalization purposes. (D) Quantification of n = 4 western blots, as presented in (C). Band intensity of DMD Dp427 was normalized to tubulin expression. Arbitrary units, n = 4 experiments, *p < 0.05, NS denotes non-significant; Kruskal-Wallis test. (E) qRT-PCR analysis of the expression of DMD Dp427 in myotube samples corresponding to the samples presented in (A) and (C) using isoform-specific primer sets. Gene expression was normalized to housekeeping genes GUSB and GAPDH. NS, not significant; Kruskal-Wallis test. All data are plotted as means ± SEM.

Figure S3 : 6 Figure S4 : 8 Figure S5 :

 S36S48S5 Figure S3: Effect of Givinostat on serum transaminases level

Figure 13 .

 13 Figure 13. Long term treatment with VPA increases exon skipping efficacy (A) Schematic representation of the mdx treatment with ASO combined with valproic acid (VPA). (B) Effect of VPA on the TC-DNA distribution in various organs. (C) Effect of VPA on exon skipping level. (D) Dystrophin restoration in mdx mice treated with ASO or ASO+VPA. (E) Effect of the combination VPA+ASO on Dmd transcript imbalance in the triceps, diaphragm, and heart analyzed by taqman qPCR at different exon junctions. Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), diaphragm (DIA). N=7 mice per group, Two-way ANOVA analyzes. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 14 :

 14 Figure 14: Functional recovery following the combined therapy VPA + ASO (A) Dystrophin staining in triceps and heart. Top: Detection of dystrophin protein (green staining) by immunostaining on transverse sections of muscle tissues (triceps and heart) from WT and mdx mice treated with saline, ASO, VPA or ASO+VPA. Nuclei are labelled with DA PI (blue staining). Scale bar, 100µm. Bottom: Quantification of the dystrophin intensity staining in heart and triceps N=4 mice per group. (B) Myomesin level in serum of mice. Quantification performed by western blot. N=7 mice per group. (C) Maximal specific force (left panel) and percentage of force drop following a series of eccentric contractions (right panel) measured on semi-isolated tibialis anterior muscles from treated mdx mice. N=7 mice per group, Two-way ANOVA analyzes. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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		1.1.3 3.2.1.1 Epidemiology Pre-clinical development
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		1.3 THE DYSTROPHIN: STRUCTURE AND FUNCTION 3.2.2 Genome editing
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		1.4.2 3.2.2.3 Brain symptoms of DMD Genome editing in clinic
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Table 1 : Main animal models available to study DMD

 1 In order to improve translatability of preclinical studies, a new mouse model with a phenotype closer to the one observed in patients was created. This mouse model is named

	Animals	Mutations	Absent dystrophin isoforms
		mice	
	mdx	stop codon in exon 23	Dp427
	D2-mdx	stop codon in exon 23	Dp427
	mdx 2Cv	mutation in splice acceptor site in intron 42	Dp427 Dp260
	mdx 3Cv	mutation in splice acceptor site in intron 65	Dp427 Dp260 Dp140 Dp116 Dp71 Dp40
	mdx 4Cv	stop codon in exon 53	Dp427 Dp260 Dp140
	mdx 5Cv	stop codon in exon 10	Dp427
	mdx52	Deletion of exon 52	Dp427 Dp260 Dp140
	HDMD	Addition of human DMD gene	no
		human DMD gene without exon 52	Dp427 (mouse)
	del52hDMD/mdx	and stop codon in murine Dmd	Human Dp427, Dp260
		exon 23	Dp140
		dogs	
	GRMD	splicing mutation in intron 6, lead-ing to skipping of exon 7	Dp427
	CXMD	splicing mutation in intron 6, lead-ing to skipping of exon 7	Dp427
	Delta E50-MD	Deletion of exon 50	Dp427 Dp260
		rat	
	3	stop codon in exon 3	Dp427
	16	stop codon in exon 16	Dp427
	Dmd mdx	stop codon in exon 23	Dp427
		rabbit	
	delta 51	stop codon in exon 51	Dp427 Dp260

 a deletion in the coding region of the Ltbp4 gene which conduce to increase SMAD signaling and fibrosis (mutation also found in human),  a dysfunctional Anxa6 gene which results in defects in the satellite cells' self-renewal ability, and thus decreased muscle repair  the presence of the dyscalc1 gene locus which is responsible of calcifications in skeletal muscles and heart of the mouse model.

  -/-mice have significantly increased disease severity compared to mdx mice. Animals have reduced muscle mass, developed cardiomyopathy and scoliosis similar to DMD patients and die prematurely at 12 months of age. In contrast with

mdx or MyoD -/-mice, mdx; MyoD -/-mice presents a hypertrophic heart and increased ventricular diameter by 5 months of age and heart fibrosis by 10 months of age. The severity of the cardiac symptoms makes these mice a good model to study DMD-associated cardiomyopathy

Table 2 : List of AAV serotypes used for gene therapy in neuromuscular disorders (adapted from (Manini et

 2 

		al. 2021))		
	NA: not available, CNS: central nervous system	
	Serotype	Glycan recognition	Co-receptor	Target tissues
	AAV1	Neu5Aca2-3GalNAcb1-4GlcNAc	NA	Muscle, liver, CNS
			Fibroblast/hepatocyte	
	AAV2	6-O-and N-sulfated heparin	growth factor receptor; laminin receptor;	CNS, liver
			integrin aVb5 and a5b1	
	AAV3	2-O-and N-sulfated heparin	Hepatocyte growth Laminin receptor factor receptor;	Liver
		Galb1-4GlcNAcb1-		
	AAV4	2Mana1-6Manb1-	NA	Lung, ependymal cells
		4GlcNAcb1-4GlcNAc		
	AAV5	Neu5Aca2-3(6S)Galb1-4GlcNAc	Platelet-derived growth factor receptor	Muscle, liver, CNS, retina
	AAV6	Neu5Aca2-3GalNAcb1-4GlcNAc; N-sulfated heparin	Epidermal growth factor receptor	Muscle, liver, spinal cord
	AAV7	NA	NA	Muscle, liver
	AAV8	NA	Laminin receptor	Muscle, liver, retina, pancreas
				CNS, skeletal and
	AAV9	Galactose	Laminin receptor	cardiac muscles, liver
				Human
	AAVrh.74	NA	NA	Muscles, spleen, liver

Table 3 : Clinical trials ongoing for the treatment of DMD with AAV vector Drug PF06939926 (fordadistrogene movaparvovec) SGT-001 SRP-9001 GNT 0004
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	sponsor		Pfizer		Solid Biosciences Nationwide Children's/ Sarepta Therapeutics	Genethon
	AAV serotype		rAAV9		rAAV9		rAAVrh74		AAV8
	promoter		muscle specific		CK8		MHCK7		Spc5.12
	transgen		Δ3990		µDys-5R		ΔR4-23/ΔC		ΔR4-23/ΔC
	trial number	NCT03362502 NCT04281485 NCT05429372	NCT03368742	NCT03375164 NCT03769116	NCT05096221 2020-002093-27
	current stage	Active, not recruiting	Active, recruiting	Active, recruiting	Active, not recruiting	Active, not recruiting	Active, not recruiting	Active, not recruiting	Active, not recruiting
	clinical trial phase	Ib	III	II	I/II	I/IIa	II	III	I/II
	Patient number	23	99	10	16	4	41	126	51
	Patient age	4 years old and older	4 to 7 years old	2-3 years old 4 to 17 years old	3 months to 7 years old	4 to 7 years old	6 to 10 years old
	Disease stage	ambulatory and not	ambulatory only	Not applicable	ambulatory and not		ambulatory only		ambulatory only

PF-06939926 is an AAV vector with a rAAV9 serotype encoding for the microdystrophin Δ3990 under a muscle specific promoter developed by Pfizer. PF-06939926 is currently tested in a phase Ib open-label clinical trial (NCT03362502) to investigate its safety and tolerability

  m (95% CI 1.8-69.0), supporting early intervention. The inability to meet the primary efficacy endpoint (improvement in 6MWT) together with the significant adverse effects (injection-site reactions and renal issues) led to the rejection of the application for drisapersen by the FDA. By mid-2016, Biomarin announced the withdrawal of drisapersen market authorization application in Europe and the discontinuation of all their ASO programs for DMD, which included exons44, 45, and 53, to invest in research of next generation ASOs.

4.2.2 Phophodiamidate morpholino ASO

In parallel to the 2′OMe-PS ASO development, another chemistry of ASO was developed for DMD: phosphorodiamidate morpholino oligomers (PMO). PMO is a DNA analog whose phosphoribose is replaced by a morpholine ring connected by phosphorodiamidate linkages.

Table 4 : ASO approved by the FDA (in December 2022)

 4 

	drug	compagny	ASO chemistry	target exon	FDA date of approval
	Eteplirsen	Sarepta Therapeutics	PMO	exon 51	September 2016
	Golodersen	Sarepta Therapeutics	PMO	exon 53	December 2019
	Viltolarsen	Nippon Shinyaku (NS Pharma)	PMO	exon 53	August 2020
	Casimersen	Sarepta Therapeutics	PMO	exon 45	February 2021

  synthesis of a functional dystrophin in-vitro in both mouse and human muscle cells[START_REF] Le | Rational Design of Short Locked Nucleic Acid-Modified 2'-O-Methyl Antisense Oligonucleotides for Efficient Exon-Skipping In Vitro[END_REF][START_REF] Pires | Short (16-Mer) Locked Nucleic Acid Splice-Switching Oligonucleotides Restore Dystrophin Production in Duchenne Muscular Dystrophy Myotubes[END_REF]. In mdx mice, ASO composed of a 30% LNA and 70% 2'OMe nucleotides were significantly more potent than full 2'OMe ASO in inducing exon skipping and dystrophin restoration[START_REF] Georgiadou | Intramuscular Evaluation of Chimeric Locked Nucleic Acid/2'OMethyl-Modified Antisense Oligonucleotides for Targeted Exon 23 Skipping in Mdx Mice[END_REF]. Further experimentations are

	order to treat other DMD patients, Nippon Shinyaku Co., Ltd (the industry which needed to evaluate the benefit-toxicity profile of LNA/2'OMe mixmer ASO following systemic
	commercializes viltolarsen) is developing a new PMO ASO drug designed to skip the exon 44: delivery.
	NS-089/NCNP-02.
	In October 2019, a phase I/II trial (NCT04129294) started to assess the safety, tolerability and
	efficacy of NS-089/NCNP-02. During this trial, patients are treated with doses from 1.62 to 80 4.2.4 2'-O,4'-C ethylene bridged nucleic acid ASO
	mg/kg/wk during 24 weeks. NS-089/NCNP-02 was shown to be well-tolerated and none of Another chemistry in development for the treatment of DMD is 2'-O,4'-C ethylene bridged
	4.2.3 Locked nucleic acid ASO
	One of the altrenative chemistry in development for the treatment of DMD is the locked
	nucleic acid (LNA). LNA have a constrained conformation with a linkage of the 2' oxygen and
	the 4' carbon atom of the ribose ring by one carbon atom. This conformation with bicyclic
	sugar analog as ribose significantly increases the binding affinity of ASO to its
	complementary RNA target (Hagedorn et al. 2018).

the 6 treated patients showed specific side effects. Moreover, all participants showed significant increase in dystrophin production with a restoration level between 10.27% and 15.79% depending on the dose of drug injected

[START_REF] Komaki | P.123 A Phase I/II Study of NS-089/NCNP-02, Exon 44 Skipping Drug, in Patients with Duchenne Muscular Dystrophy[END_REF]

. NS-089/NCNP-02 is currently tested in phase II trial (NCT05135663) to assess its safety, tolerability and efficacy after 72 weeks of treatment with a dose of 40 or 80 mg/kg/wk. Despite their approval in USA and Japon, the therapeutic efficacy of PMO remains low with only a small fraction of restored dystrophin in muscle biopsy of treated patient. Other chemistries of ASO are currently in development with the objective to improve the efficacy of ASO based therapy for DMD.

LNA oligomers of 8 units or longer tend to self-aggregate, which is a cause of toxicity

(Khvorova and Watts 2017)

. To avoid this phenomenon, mixmer composed of both LNA and 2'OMe nucleotides have been generated. These mixmers have efficiently induced exon skipping and restored nucleic acid (ENA). Like LNA, ENA have a restricted conformation with not one but two carbon atom in the 2'O-4'C link. This conformation has the same properties as the previous one and should be mixed with 2'OMe nucleotides to avoid self-aggregation too

[START_REF] Koizumi | 2'-O,4'-C-Ethylene-Bridged Nucleic Acids (ENA) as next-Generation Antisense and Antigene Agents[END_REF]

). 2'OMe/ENA mixmer has efficiently induced exon skipping and restored synthesis of a functional dystrophin in-vitro in both mouse and human cells. Systemic delivery of 2'OMe/ENA ASO in mice showed no specific toxicity

[START_REF] Lee | 2'-O-Methyl RNA/Ethylene-Bridged Nucleic Acid Chimera Antisense Oligonucleotides to Induce Dystrophin Exon 45 Skipping[END_REF]

.

In January 2016, a phase I/II trial (NCT02667483) started to study the safety, tolerability and efficacy of renadirsen (or DS-5141): a 2'OMe/ENA ASO mediated the exon 45 skipping. In this trial, seven DMD patients from 5 to 10 years old were subcutaneously injected with doses of renadirsen from 0.1 to 6 mg/kg/wk during 2 weeks. No specific side effects were found during this study (Daiichi Sankyo 2021). Renadirsen is currently tested in a phase II trial (NCT04433234) to evaluate the safety and efficacy of long-term treatment with 2 or 6 mg/kg/wk of renadirsen for 2 years. No data for this clinical trial are available yet.

  AOC 1044 is a PMO conjugated to a monoclonal antibody binding the TfR1 developed by Avidity Biosciences to skip the exon 44 of DMD gene. Preclinical study performed on cynomolgus monkeys showed that AOC 1044 is able to perform exon skipping in both skeletal muscle (gastrocnemius, quadriceps and diaphragm) and heart[START_REF] Karamanlidis | AOC 1044 Mediated Exon 44 Skipping and Restoration of Dystrophin Protein in Cynomolgus Monkeys and DMD Patient Derived Myotubes[END_REF]. In October 2022, Avidity Biosciences started the phase I/II trial (EXPLORE44) to evaluate the safety, tolerability, pharmacokinetics, and pharmacodynamic effects of single and multiple ascending doses of AOC 1044 administered intravenously in both healty volunteers and DMD patients (Avidity Biosciences 2022).

	4.2.9.2 AOC 1044

Table 5 : Clinical trials phase I and II using ASOs for the treatment of DMD
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	drug	sponsor	ASO chemistry	target exon	trial number current stage	trial phase	Dose	Patient number	Patient age
	NS-089 (NCNP-02)	Nippon Shinyaku	PMO	exon 44	NCT04129294 NCT05135663	completed active, not recruiting	phase I/II phase II	1.62, 10, 40 or 80 mg/kg/wk for 24 weeks 40 or 80 mg/kg/wk for 72 weeks	6 6	4-17 years old all ages
	Renadirsen (DS-5141b)	Daiichi Sankyo	ENA/2'OMe	exon 45	NCT02667483 NCT04433234	completed active, not recruiting	phase I/II phase II	2 Subcutaneous injection from 0.1 to 6 mg/kg/wk Subcutaneous injection: 2 or 6 mg/kg/wk	7 8	5-10 years old 5 Years and older
	SQY51	SQY therapeutics	TC-DNA	exon 51	EU CT 2022-500703-49-01	planned for 2023	phase I/II			Children and adult
	WVE-N531	Wave Life Sciences	PN ASO	exon 53	NCT04906460	recruting	phase I/II	dose escalation with a maximum of 7 total doses	15	5-18 years old
					NCT03375255	completed	phase I	single dose from 0,3 to 6 mg/kg	15	12 Years and older
	Vesleteplirsen (SRP-5051)	Sarepta Therapeutics	PPMO	exon 51	NCT03675126	terminated phase I/II	unknow	15	4 Years and older
					NCT04004065	recruting	phase II	1 injection per 4 weeks up to 72 weeks or 2 years	60	7-21 years old
	PGN-ED051	Pepgen	PPMO	exon 51	Canada	completed	phase I	single dose of 1, 5, 10 or 15 mg/kg	32	Healthy people only
	DYNE -251	Dyne therapeutics	Fab PMO	exon 51	NCT05524883	recruting	phase I/II	1 injection per 4 weeks during 24 or 120 weeks	46	4-16 years old
	AOC 1044	Avidity Bioscience	antibody PMO	exon 53	EXPLORE44™	approved	phase I/II		40 healthy patients and 24 DMD	7-27 years old
						91				

Table 1 .

 1 Exon-skipping fold change following HDACi treatment in mdx mice Fold changes are calculated from the levels of exon 23 skipping quantified by TaqMan qPCR obtained in the muscles co-treated with ASO and HDACi compared with the same muscles treated with ASO alone. TA, tibialis anterior; GAS, gastrocnemius; QUAD, quadriceps; TRI, triceps; DIA, diaphragm.

	www.moleculartherapy.org							
	Exon-skipping fold change	TA	GAS	QUAD	TRI	DIA	HEART	Average
	ASO + givistatin	1.00	1.36	1.65	0.83	1.09	1.11	1.21
	ASO + VPA	1.11	1.45	1.41	1.17	1.28	1.19	1.26
	ASO + EX527	0.87	1.27	1.51	0.76	1.03	0.90	1.01

Table 2 .

 2 Ratio between protein rescue and ASO content in muscle tissues and fold change compared with treatment with ASO alone

	www.moleculartherapy.org								
	Protein rescue/ASO quantification	TA	GAS	QUAD	TRI	DIA	HEART	Average	Fold change
	ASO	0.93	0.86	0.82	0.49	1.33	0.22	0.66	1.00
	ASO + GIVI	1.27	1.45	1.17	1.26	2.60	0.39	1.16	1.75
	ASO + VPA	2.32	1.55	1.38	1.29	1.92	0.37	1.26	1.90
	ASO + EX527	0.76	0.77	0.76	0.93	2.43	0.24	0.84	1.27

Table 3 .

 3 Ratio between the average protein rescue across muscles and ASO content in kidneys, representing the benefit/risk of each combined therapy

					Molecular Therapy: Nucleic Acids
		Average protein restoration (%)	ASO content in kidney (mg/g)	Benefit/risk ratio	Fold change compared with ASO
	ASO	4.03	1.35	2.99	1.00
	ASO + GIVI	5.80	1.37	4.24	1.42
	ASO + VPA	6.99	0.59	11.81	3.95
	ASO + EX527	4.44	1.58	2.81	0.94
	The fold change is expressed in comparison with treatment with ASO alone.		

  Detection of laminin protein (green staining) by immunostaining on transverse sections of triceps from WT and mdx mice treated with saline, ASO or ASO+HDACi. Nuclei are labelled with dapi (blue staining). Scale bar, 100µm. (D) Relative expression of follistatin quantified by RT-qPCR in diaphragm of mdx mice treated with ASO+HDACi (Givinostat, valproic acid or EX527). N=7 mice per group, p>0.05 between treatments (one-way ANOVA). (E) Relative quantification of Dmd transcript levels obtained in diaphragm of mdx mice treated with ASO+HDACi (Givinostat, valproic acid or EX527) for several exon-exon junctions along the Dmd gene normalized to C57Bl10 mice, N=6 mice per group (two-way ANOVA).

	Eisai, Entrada, Takeda, Splicesense, Galapagos, and Astra Zeneca.	
	Past ad hoc consulting has occurred for CRISPR Therapeutics, Sum-	
	mit PLC, Audentes Santhera, Bridge Bio, Global Guidepoint, GLG	
	consultancy, Grunenthal, Wave, and BioClinica. A.A.-R. also reports	
	having been a member of the Duchenne Network Steering Committee	
	(BioMarin) and being a member of the scientific advisory boards of	
	Eisai, Hybridize Therapeutics, Silence Therapeutics, and Sarepta	Data are plotted as means ± SEM. "n"
	Therapeutics. Past SAB memberships: ProQR, Philae Pharmaceuti-	refers to independently acquired and processed samples (biological
	cals. Remuneration for these activities is paid to LUMC. LUMC	replicates) as indicated. Biological replicates consist of technical trip-
	also received speaker honoraria from PTC Therapeutics and	licates in the case of qRT-PCR and ChIP-qPCR measurements. Sig-
	BioMarin Pharmaceuticals and funding for contract research from	nificance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and
	Italfarmaco, Sapreme, Eisai, Galapagos, Synnaffix, and Alpha	****p < 0.0001.
	Anomeric. Project funding is received from Sarepta Therapeutics.	
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Table S1 : primers used (RT-qPCR, RT-PCR and ChIP-qPCR)

 S1 To confirm data obtained during the 4-week study performed in mdx mice, a long term study was performed. During this protocol, mice were weekly injected with TC-DNA ASO during 12

	Name:	Forward 5'-->3' Sequence:	Reverse 5'-->3' Sequence:	Gene symbol
	RT-qPCR_cDNA-GUSB	CCGAGTGAAGATCCCCTTTTTA	CTCATTTGGAATTTTGCCGATT	GUSB
	RT-qPCR_cDNA-GAPDH	CTCTGCTCCTCCTGTTCGAC	ACGACCAAATCCGTTGACTC	GAPDH
	RT-qPCR_cDNA-MYOG	GCCAGACTATCCCCTTCCTC	GGGGATGCCCTCTCCTCTAA	MYOG
	RT-qPCR_cDNA-MYH3	CCTGCTGGAGGTGAAGTCTC	GATTGCAGGATCTGGTGGAT	MYH3
	RT-qPCR_cDNA DMD exon 03-04	gggaagcagcatattgagaac	gggcatgaactcttgtggat	DMD
	RT-qPCR_cDNA DMD exon 26-27	aagatctatcagagatgcacg	gttgggcctcttctttagctct	DMD
	RT-qPCR_cDNA DMD exon 38-39	attgcttgaaccactggagg	TTTACAGTACCCTCATTGTCTTCAT DMD
	RT-qPCR_cDNA DMD exon 46-47	gttttatggttggaggaagcagat gagcacttacaagcacggg	DMD
	RT-qPCR_cDNA DMD exon 55-56	caggatgctacccgtaagga	cgtctttgtaacaggactgc	DMD
	RT-qPCR_cDNA DMD exon 62-64	gccaaacaaagtgccctacta	ctgagaatctgacattattcagg	DMD
	RT-qPCR_cDNA DMD exon 78-UTR	cctggaaagccaatgagaga	gcgggaatcaggagttgtaa	DMD
	RT-PCR -DMD Exon40-42	GGCTCTAGAAATTTCTCATCAGTG ggcatgtcttcagtcatcac	
	RT-PCR -DMD Exon47-52	cccataagcccagaagagc	tctagcctcttgattgctgg	
	ChIP-qPCR -DMD_Exon1	AAGCTGCTGAAGTTTGTTGG	TCTTCCCACCAAAGCATTTT	
	ChIP-qPCR -DMD_Exon15	cctttttagtgcatggctttc	GGCCAGTTTTTGAAGACTTGAT	
	ChIP-qPCR -DMD_Exon30	AGTCTGCCCAGGAGACTGAA	CGTCCACCTTGTCTGCAATA	
	ChIP-qPCR -DMD_Exon40	GGCTCTAGAAATTTCTCATCAGTG ATTTTCCTTTCATCTCTGGGC	
	ChIP-qPCR -DMD_Exon41	GATCGGGAATTGCAGAAGAA	ATCTGAGTTGGCTCCACTGC	
	ChIP-qPCR -DMD_Exon51	ggcttggacagaacttaccg	cttctgcttgatgatcatctc	
	ChIP-qPCR -DMD_Exon66	gaggatccgtgtcctgtctt	tttacacagggaaatgatgcc	
		166		

months post-injection, a biopsy showed that muscle of the youngest patient produced fulllength dystrophin at 70% of normal amounts. The two other patients have lowest protein levels (quantification not communicated) (Nationwide Children's Hospital 2022).Even if AAV-U7snRNA showed promising results, its effects need to be tempered. Indeed, like

reactivity against them[START_REF] Lorain | Transient Immunomodulation Allows Repeated Injections of AAV1 and Correction of Muscular Dystrophy in Multiple Muscles[END_REF]. The impossibility to make multi-injections during the patient life may be a major limitation of this therapy because in long term studies, progressive loss of AAV vector (and its transgene) has been reported in muscle fibers which conduced to a progressive decrease in dystrophin expression. This progressive loss of treatment efficacy is even higher in animal models with severe muscle damage close to humans[START_REF] Vulin | Muscle Function Recovery in Golden Retriever Muscular Dystrophy after AAV1-U7 Exon Skipping[END_REF][START_REF] Hir | AAV Genome Loss from Dystrophic Mouse Muscles during AAV-U7 SnRNA-Mediated Exon-Skipping Therapy[END_REF]).
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ABSTRACT

Antisense-mediated exon-skipping is one of the most promising therapeutic strategies for Duchenne muscular dystrophy (DMD) and some antisense oligonucleotide (ASO) drugs have already been approved by the US FDA for DMD. The potential of this therapy is still limited by several challenges including the poor distribution of ASOs to target tissues (skeletal muscles, heart and brain).

To improve the ASO uptake in the target organs, tricyclo-DNA (TC-DNA) chemistry has been developed and has shown interesting biodistribution properties in particular to the cardiac muscle and to a lower extent the central nervous system. However, like most ASO chemistry TC-DNA accumulates in the kidney and tend to be rapidly eliminated after systemic delivery. We hypothesized here that inhibiting/preventing renal clearance of ASO using organic anion transporter (OAT) inhibitor could increase the bioavailability of TC-DNA ASO and thus their distribution to target tissues and ultimately their efficacy in muscles. Mdx mice were therefore treated with TC-DNA ASO with or without the OAT inhibitor named probenecid. Analysis of ASOs distribution in the different tissues and serum revealed no effect of the OAT inhibitor. Similarly, no differences in exon skipping levels were detected in the muscles from both treatment groups. These findings indicate that OAT inhibition, or at least using probenecid does not improve the therapeutic potential of exon skipping approaches mediated by TC-DNA ASO for the treatment of DMD.

B: Quantification of TC-DNA ASO in the urine of injected mice in the 24h following the injection of ASO combined or not with probenecid. N=3 mice. C: Quantification of ASO in the different muscles tissues (Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA) and heat) and off target organs (kidney, liver and spleen) 24h after treatment with ASO combined or not with probenecid. N=3 mice. D: Detection of the ASO (red staining) by in-situ hybridization on transverse sections of kidneys (cortex) from mdx mice treated with ASO +/-probenecid. Nuclei are labelled in blue (DAPI)

We next monitored TC-DNA ASO biodistribution in muscles and off target organs like liver, kidney and spleen and found no significant difference between the 2 treated groups (with or with probenecid, globale P value= 0.5971) (Figure 2C). The localization of TC-DNA in kidney was also analyzed on sections and revealed the same localization in proximal convoluted tubules and similar signal intensity for both groups of mice (Figure 2D).

Mild term efficacy of probenecid on TC-DNA ASO biodistribution and efficacy.

To further investigate the potential impact of probenecid on ASO efficacy, we performed a repeated dose study, hypothesizing that the effects resulting from OAT inhibition may take longer than 24h to be detectable. In this protocol, mdx mice were treated weekly during 4 weeks with either TC-DNA only or TC-DNA + probenecid (same doses as the first study) and analyzed 2 weeks after the last injection. The analysis of TC-DNA biodistribution revealed a similar accumulation profile in both treated group, indicating no effect of the probenecid (Figure 3A). However, the localization of TC-DNA ASO detected with a complementary probe on kidney sections appeared slightly different in both groups. In the kidney of mice cotreated with probenecid, TC-DNA ASO appeared more accumulated in the Bowman's capsules (area around the glomerulus) compared with mice treated with ASO alone (Figure 
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Overall, this work establishes the proof of concept that using small molecules facilitating ASO endosomal escape enhances their efficacy in a DMD mouse model, thus opening new therapeutic avenues for combined therapies.
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Oligonucleotide enhancing compound increases tricyclo-DNA mediated exon-skipping efficacy in the mdx mouse model

DISCUSSION

In this study, we used three different HDACi: givinostat (a pan HDACi), VPA (inhibitor of HDAC class I and II), and EX527 (an inhibitor of sirtulin: HDAC class III) and combined them with an exon-skipping approach using tcDNA-based ASOs. We have previously demonstrated that palm-tcDNA ASOs represent promising drugs for the systemic treatment of DMD based on a 12-week treatment. 9 In the present proof-of-concept study evaluating combined therapies, we deliberately used a short-term 4-week treatment, resulting in lower levels of dystrophin expression (approximately 3% of WT levels) in order to leave space for improvement. Dystrophin restoration and correct localization were also confirmed by immunostaining performed on muscles cryosections (Figure 14A). Compared to the treatment with ASO alone, the intensity of the dystrophin staining was higher in heart and triceps from VPA co-treated mice compared to ASO treated mice (+177% and +12% respectively).

It has been previously demonstrated that the serum level of two fragments of the myofibrillar structural protein myomesin-3 (MYOM3) can be used to evaluate the efficacy of a treatment (Relizani et al. 2022). We therefore evaluated the level of MYOM3 in serum of treated and control mice after the treatment. Levels of MYOM3 in the serum was significantly decreased by 90% following ASO treatment (P-value < 0.0001) and by 94.2% following ASO+VPA combined therapy (P-value < 0.0001) compared to the untreated mice (Figure 14B). There was no difference between the mice treated with ASO+VPA and the ones treated with ASO only (P-value =0.2287), which may be explained by the already maximal effect of the ASO treatment (leaving not much space for further improvement).

To evaluate the functionality of the dystrophin restored in muscles, the maximal specific force and resistance to eccentric contraction were measured. Tibialis anterior muscles from control mdx mice showed a decrease of 40% in maximal specific force compared to the wild type muscle (Figure 14C left). Treatment with ASO combined with VPA improved the maximal specific force compared to control mdx mice (P-value = 0.0197). 
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